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▲▼ ▲✐❦❡❧✐❤♦♦❞ ♠❛♣♣✐♥❣
▲❙■ ▲❡❛❢ KH❛❜✐❧✐H② ✐♥❞❡①
▼❆❘❊ ▼❆HM✐① ❘❊❞✉❝H✐♦♥ ✭♥❡✇ ❞❡✈❡❧♦♣❡❞ K♦❢H✇❛M❡✮








◆❈❇■ ◆❛H✐♦♥❛❧ ❈❡♥H❡M ❢♦M ❇✐♦H❡❝❤♥♦❧♦❣② ■♥❢♦M♠❛H✐♦♥
❈❘ ♦❧②♠❡M❛K❡ ❝❤❛✐♥ M❡❛❝H✐♦♥
♣❡MK✳ ❝♦♠♠✳ ♣❡MK♦♥❛❧ ❝♦♦♠♠✉♥✐❝❛H✐♦♥
♣♠♦❧ ♣✐❝♦ ♠♦❧
♣ ♣♦KH❡M✐♦M ♣M♦❜❛❜✐❧✐H②
❘❆▼ M❛♥❞♦♠ ❛❝❝❡KK ♠❡♠♦M②
❘◆❆ ❘✐❜♦♥✉❝❧❡✐♥❡ ❛❝✐❞
M❘◆❆ M✐❜♦K♦♠❛❧ ❘◆❆
❘❘❑ ❘❡❣✐♦♥❛❧❡K ❘❡❝❤❡♥③❡♥HM✉♠✱ ♥✐✈❡MK✐HuH ③✉ ❑!❧♥
❘❚✲❈❘ M❡✈❡MK❡ HM❛♥K❝M✐♣H❛K❡ ❈❘
K K❡❝♦♥❞
❙❖❙ K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜K❡H
❙✉●■ ❙✉KH❛✐♥❛❜❧❡ ●M✐❞ ■♥❢M❛KHM✉❝H✉M❡
K♣✳ K♣❡❝✐❡K ♥♦H ❞❡H❡M♠✐♥❡❞
❙ ❙❝❤✇❡M♣✉♥❦H♣M♦❣M❛♠♠ ✭♣M✐♦M✐H② ♣M♦❣M❛♠♠❡✮
✉ ✉♥✐H
❋▼❑ ♦♦❧♦❣✐K❝❤❡K ❋♦MK❝❤✉♥❣K♠✉K❡✉♠ ❆✳ ❑♦❡♥✐❣✱ ❇♦♥♥
❙✉♠♠❛A②
❆MH❤M♦♣♦❞K ❡♥❝♦♠♣❛KK ♠♦M❡ H❤❛♥ H❤M❡❡ Q✉❛MH❡MK ♦❢ ❛❧❧ ❞❡K❝M✐❜❡❞ ❧✐✈✐♥❣ K♣❡❝✐❡K✳ ❆♠♦♥❣ ❛MH❤M♦♣♦❞K✱
❤❡①❛♣♦❞K ❛M❡ H❤❡ ♠♦KH ❛❜✉♥❞❛♥H ❣M♦✉♣ ❛♥❞ K❤♦✇ ❛♥ ❡♥♦M♠♦✉K ❞✐✈❡MK✐H②✳ ❚♦ ✉♥❞❡MKH❛♥❞ ❡✈♦❧✉H✐♦♥❛M②
♣M♦❝❡KK❡K ♦❢ ❛♥❞ ✇✐H❤✐♥ ❤❡①❛♣♦❞K✱ ✐H ✐K ♥❡❝❡KK❛M② H♦ M❡K♦❧✈❡ ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K✱ ❡K♣❡❝✐❛❧❧② ❡❛M❧②
❤❡①❛♣♦❞ K♣❧✐HK ✇✐H❤✐♥ ❛♥ ❛MH❤M♦♣♦❞ ❢M❛♠❡✇♦M❦✳ ❙❡✈❡M❛❧ ❝♦♥HM❛❞✐❝H✐♥❣ ❤②♣♦H❤❡K❡K ❤❛✈❡ ❜❡❡♥ K✉❣❣❡KH❡❞
✐♥ H❤❡ ❧❛KH ❞❡❝❛❞❡ ❛❞❞M❡KK✐♥❣ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❤❡①❛♣♦❞K✱ ❛♥❞ ♣❧❛❝❡♠❡♥HK ❛♥❞ M❡❧❛H✐♦♥K❤✐♣K ♦❢ ♣M✐♠❛M②
✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ♦M❞❡MK✳ ❆K ❛ ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K✱ HM❛❞✐H✐♦♥❛❧❧② ♠②M✐❛♣♦❞K ❤❛✈❡ ❜❡❡♥
K✉❣❣❡KH❡❞✱ ✉♥✐H✐♥❣ ❤❡①❛♣♦❞K ❛♥❞ ♠②M✐❛♣♦❞K H♦ ❛ ❝❧❛❞❡ ✏❆H❡❧♦❝❡M❛H❛✑✳ ❆❧H❡M♥❛H✐✈❡❧② K❡✈❡M❛❧ ❝M✉KH❛❝❡❛♥
H❛①❛ ✭❜M❛♥❝❤✐♦♣♦❞K ♦M ❝♦♣❡♣♦❞K✮ ❤❛✈❡ ❜❡❡♥ ♣M♦♣♦K❡❞ ❛K ❛ ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K ❛KK♦❝✐❛H❡❞
✇✐H❤ H❤❡ ✏❛♥❝M✉KH❛❝❡❛✑ ❤②♣♦H❤❡K✐K ✇❤❡M❡ ❤❡①❛♣♦❞K ❛♥❞ ❝M✉KH❛❝❡❛♥K ❛M❡ ✉♥✐H❡❞ ✐♥H♦ ❛ ❝❧❛❞❡✳ ❚❤✐K KH✉❞②
❝♦♥❝❡♥HM❛H❡K ♦♥ H❤❡ ❛♥❛❧②K❡K ♦❢ ♠♦❧❡❝✉❧❛M ❞❛H❛ ❛♥❞ ❛✐♠K H♦ M❡K♦❧✈❡ ❞❡❡♣ ❤❡①❛♣♦❞K M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥
❛♥ ❛MH❤M♦♣♦❞ ❝♦♥H❡①H ✉K✐♥❣ H✇♦ ❞✐✛❡M❡♥H ♠❡H❤♦❞♦❧♦❣✐❝❛❧ ❛♣♣M♦❛❝❤❡K✳
■♥ H❤❡ ✜MKH ❛♣♣M♦❛❝❤✱ ❧❛M❣❡ ♣❤②❧♦❣❡♥♦♠✐❝ ✭♠✉❧H✐✲❣❡♥❡ ❛♥❞ H❛①♦♥✮ ❞❛H❛ K❡HK ❜❛K❡❞ ♦♥ ♥✉❝❧❡❛M ♣M♦✲
H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ❞❡M✐✈❡❞ ❢M♦♠ ❊①♣M❡KK❡❞ ❙❡Q✉❡♥❝❡ ❚❛❣K ✭❊❙❚K✮ ❛M❡ ❛♥❛❧②③❡❞✳ ❚❤✐K ❛♣♣M♦❛❝❤ ✉K❡K
M❛✇ ❞❛H❛ K❡HK ✇✐H❤ ♠♦M❡ H❤❛♥ ✶✵✵ H❛①❛ ❛♥❞ ♠♦M❡ H❤❛♥ ✼✵✵ ❣❡♥❡K✱ ❛♥❞ ♦♣H✐♠❛❧ ❞❛H❛ K✉❜K❡HK ✇✐H❤
♠♦M❡ H❤❛♥ ✶✵✵ H❛①❛ ❛♥❞ ♠♦M❡ H❤❛♥ ✶✵✵ ♠♦KH ✐♥❢♦M♠❛H✐✈❡ ❣❡♥❡K H♦ M❡❝♦♥KHM✉❝H ♣❤②❧♦❣❡♥❡H✐❝ HM❡❡K✳
❚❤✐K ✐K H❤❡ ✜MKH ♣❤②❧♦❣❡♥♦♠✐❝ KH✉❞② ✇❤✐❝❤ H❛❦❡K ❛❧❧ ❡♥H♦❣♥❛H❤♦✉K✱ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ♦M❞❡MK
✐♥H♦ ❛❝❝♦✉♥H✳ ❋♦M H❤✐K KH✉❞②✱ ♥❡✇ ❊❙❚ ❞❛H❛ ❤❛✈❡ ❜❡❡♥ ❣❡♥❡M❛H❡❞ ❢♦M ❡❛❝❤ ❡♥H♦❣♥❛H❤♦✉K ✭M♦H✉M❛✱
❉✐♣❧✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛✮ ❛♥❞ ♦♥❡ ❡❝H♦❣♥❛H❤♦✉K ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ♦M❞❡M ✭❆M❝❤❛❡♦❣♥❛H❤❛✮✳ ❆
♥❡✇ ❛♣♣M♦❛❝❤ ❜❛K❡❞ ♦♥ ❛ ❤✐❧❧ ❝❧✐♠❜✐♥❣ ❛❧❣♦M✐H❤♠ ✐K ✐♥HM♦❞✉❝❡❞ H♦ K❡❧❡❝H ♠♦KH ✐♥❢♦M♠❛H✐✈❡ H❛①❛ ❛♥❞
❣❡♥❡K ❢M♦♠ M❛✇ ❞❛H❛ ♠❛HM✐❝❡K✳ ❚❤❡ ❛✐♠ ✐K H♦ K❡❧❡❝H ❛♥ ♦♣H✐♠✐③❡❞ ❞❛H❛ K✉❜K❡H ✇✐H❤ ❤✐❣❤ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H✳ ❚❤❡M❡❢♦M❡✱ ▼❆❘❊✱ ✭▼❆HM✐① ❘❊❞✉❝H✐♦♥✱ ❤@@♣✿✴✴✇✇✇✳♠❛D❡✳③❢♠❦✳❞❡✮ ❤❛K ❜❡❡♥ ❞❡✈❡❧♦♣❡❞
❜② ♦✉M ✇♦M❦ ❣M♦✉♣✳ ❖♣H✐♠✐③❡❞ ❞❛H❛ K✉❜K❡HK ✭❙❖❙✮ ❛M❡ K❡❧❡❝H❡❞ ❜② H❛❦✐♥❣ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢
K✐♥❣❧❡ ❣❡♥❡K ✭♣❛MH✐H✐♦♥K✮ ❛♥❞ H❤❡ ❝♦♠♣❧❡H❡ ♠❛HM✐① ✐♥H♦ ❛❝❝♦✉♥H ✇✐H❤♦✉H ❧♦♦K✐♥❣ H♦ ♠✉❝❤ H❛①❛✳ ❋♦M
♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ K❡HK ❛❞❞M❡KK✐♥❣ ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K✱ K✉❝❤ ❛♥ ❛♣♣M♦❛❝❤ ❤❛K ♥❡✈❡M ♣M❡✈✐♦✉K❧②
❜❡❡♥ ❛♣♣❧✐❡❞✳ ■♥KH❡❛❞✱ ❛✈❛✐❧❛❜❧❡ KH✉❞✐❡K M❡❧② ♦♥ H❤M❡K❤♦❧❞K ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❛H❛ ♦M ♦♥ ♠❛①✐♠❛❧ ❝♦♥♥❡❝H❡❞
❣M♦✉♣K ♦❢ ❞❛H❛ ♣M❡K❡♥❝❡✳ ❊✛❡❝HK ♦❢ K❡❧❡❝H✐♥❣ ♦♣H✐♠✐③❡❞ ❞❛H❛ K✉❜K❡HK H♦✇❛M❞K ❤✐❣❤ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥✲
H❡♥H ❛M❡ ❡①❛♠✐♥❡❞ ✇✐H❤ M❡K♣❡❝H H♦ ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥K✳ ❆❧H♦❣❡H❤❡M✱ ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ ❝❛♥
K✉❜KH❛♥H✐❛❧❧② ❛❞✈❛♥❝❡ ♦✉M ✉♥❞❡MKH❛♥❞✐♥❣ ♦❢ ❛MH❤M♦♣♦❞ ❡✈♦❧✉H✐♦♥ ❛♥❞ M❡K♦❧✈❡ K❡✈❡M❛❧ ❝♦♥✢✐❝HK ❛♠♦♥❣
❡①✐KH✐♥❣ ❤②♣♦H❤❡K❡K✳ ❖♣H✐♠✐③❡❞ ❞❛H❛ K✉❜K❡HK K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ❢♦M ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢
♦♥②❝❤♦♣❤♦M❛♥K ❛♥❞ ❡✉❛MH❤M♦♣♦❞K✳ ✐H❤✐♥ ♣❛♥❝M✉KH❛❝❡❛♥K✱ ❛♥❛❧②K❡K ②✐❡❧❞ ♣❛M❛♣❤②❧❡H✐❝ ❝M✉KH❛❝❡❛♥K ❛♥❞
♠♦♥♦♣❤②❧❡H✐❝ ❤❡①❛♣♦❞K ❛♥❞ M♦❜✉KH❧② M❡K♦❧✈❡❞ ❞❡❡♣ ❤❡①❛♣♦❞ M❡❧❛H✐♦♥K❤✐♣K✳ ✐H❤✐♥ ♥❡♦♣H❡M❛♥ ✐♥K❡❝HK✱
❡♥❞♦♣H❡M②❣♦H❡ ✭❤♦❧♦♠❡H❛❜♦❧♦✉K✮ ✐♥K❡❝HK ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ✇❤❡M❡ ❤②♠❡♥♦♣H❡M❛♥K ❜M❛♥❝❤ ♦✛ ✜MKH ✇✐H❤
KHM♦♥❣ K✉♣♣♦MH✳ ❆♥❛❧②K❡K K❤♦✇ ❛ M❡♠❛M❦❛❜❧❡ K❡♥K✐H✐✈✐H② H♦ ♠❡H❤♦❞K ♦❢ ❛♥❛❧②K❡K ❢♦M H❤❡ ♣❧❛❝❡♠❡♥H ♦❢
♠②M✐❛♣♦❞K✳ ❆❧H♦❣❡H❤❡M✱ M❡K✉❧HK ♦❢ H❤✐K H❤❡K✐K K❤♦✇ H❤❛H ♥❡✇ ❤❡✉M✐KH✐❝K ❢♦M H❤❡ K❡❧❡❝H✐♦♥ ♦❢ ♦♣H✐♠✐③❡❞
K✉❜♠❛HM✐❝❡K ❛♥❞ ♦H❤❡M ❛♣♣❧✐❡❞ H♦♦❧K H♦ ✐♠♣M♦✈❡ ❞❛H❛ Q✉❛❧✐H② ♣❛② ♦✛ H❤❡✐M ❡✛♦MH✳
❚❤❡ K❡❝♦♥❞ ❛♣♣M♦❛❝❤ H♦ M❡K♦❧✈❡ ❞❡❡♣ ❤❡①❛♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥ ❛♥ ❛MH❤M♦♣♦❞ ❢M❛♠❡✇♦M❦ M❡❧✐❡K
♦♥ H✇♦ ✇❡❧❧ ❦♥♦✇♥ ♥✉❝❧❡❛M M✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡K ✭❧❛M❣❡ K✉❜✉♥✐H ✷✽❙ ❛♥❞ K♠❛❧❧ K✉❜✉♥✐H ✶✽❙ M❘◆❆✮✳
✷ ▲✐KH ♦❢ ❚❛❜❧❡K
❇♦H❤ ❣❡♥❡K ❛M❡ ♣♦♣✉❧❛M ♠❛M❦❡MK ❢♦M KH✉❞✐❡K ❛❞❞M❡KK✐♥❣ ♠❡H❛③♦❛♥✱ ❛MH❤M♦♣♦❞ ❛♥❞ ❤❡①❛♣♦❞ ♣❤②❧♦❣❡♥②✳
❆♥❛❧②K❡K ✉K✐♥❣ ❛♥ ❛MH❤M♦♣♦❞ ❞❛H❛ K❡H ✇✐H❤ ✶✹✽ H❛①❛ ♦❢ ❛❧❧ ✐♠♣♦MH❛♥H ❛MH❤M♦♣♦❞ ❣M♦✉♣K ✐♥❝❧✉❞✐♥❣ ❜♦H❤
♥✉❝❧❡❛M M❘◆❆ ❣❡♥❡K ❛M❡ ✐♠♣M♦✈❡❞ ❜② ❡♠♣❧♦②✐♥❣ ♣❧❛✉K✐❜❧❡ ♠♦❞❡❧K ♦❢ K❡Q✉❡♥❝❡ ❡✈♦❧✉H✐♦♥✳ ❚❤✐K M❘◆❆
KH✉❞② ✐♥❝♦M♣♦M❛H❡K ❜❛❝❦❣M♦✉♥❞ ❦♥♦✇❧❡❞❣❡ ♦♥ H❤❡ ❡✈♦❧✉H✐♦♥ ♦❢ ♥✉❝❧❡❛M M✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡ K❡Q✉❡♥❝❡K✱
✐♥ ♣❛MH✐❝✉❧❛M✱ ✐♥H♦ ✈❛M✐♦✉K KH❡♣K ♦❢ ❞❛H❛ ♣M♦❝❡KK✐♥❣✳ ▼❛✐♥❧②✱ ❛✉H♦♠❛H❡❞ ♠❡H❤♦❞K ❤❛✈❡ ❜❡❡♥ ✉K❡❞✱ ❛♥
❛✉H♦♠❛H❡❞ K❡❝♦♥❞❛M② KHM✉❝H✉M❡ ❣✉✐❞❡❞ ❛❧✐❣♥♠❡♥H ❛♣♣M♦❛❝❤ ✭❘◆❆K❛❧K❛✮ ❛♥❞ H❤❡ K♦❢H✇❛M❡ ❆❧✐K❝♦M❡ ❢♦M
❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣✳ ❋✉MH❤❡M✱ ♠✐①❡❞ ❘◆❆✴❉◆❆ ♠♦❞❡❧K ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ H♦ ❛✈♦✐❞ ❛MH✐❢❛❝HK ❞✉❡ H♦
✐♥H❡M❞❡♣❡♥❞❡♥❝❡ ❛♥❞ ❝♦✈❛M✐❛H✐♦♥ ♦❢ ♣❛✐M❡❞ K✐H❡K ♦❢ M❘◆❆ ❣❡♥❡K✳ ❈♦♥❝✉MM❡♥H❧②✱ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K
❤❛✈❡ ❜❡❡♥ ✉K❡❞ H❤❛H ❛❝❝♦✉♥H ❢♦M ✈❛M✐❛H✐♦♥ ♦❢ ❡✈♦❧✉H✐♦♥❛M② M❛H❡K ❛♠♦♥❣ ❧✐♥❡❛❣❡K ✭♥♦♥✲KH❛H✐♦♥❛M✐H②✮✳
❆❧H❤♦✉❣❤ K♣❧✐H✲❞❡❝♦♠♣♦K✐H✐♦♥ ♥❡H✇♦M❦K ✐♥❞✐❝❛H❡❞ ❝♦♥✢✐❝H✐♥❣ K✐❣♥❛❧ ✐♥ H❤❡ ❞❛H❛ K❡H✱ ❛♥❛❧②K❡K ♠♦❞❡❧✐♥❣
♥♦♥✲KH❛H✐♦♥❛M② KH❛H✐KH✐❝❛❧❧② ♦✉H♣❡M❢♦M♠ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤❡K✳ ❚♦♣♦❧♦❣✐❡K K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ❢♦M
❛ ♣❛♥❝M✉KH❛❝❡❛♥ ❝❧❛❞❡✳ ❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ K♦♠❡ ♠②M✐❛♣♦❞ ♦M❞❡MK M❡♠❛✐♥K K✉K♣✐❝✐♦✉K✱ ❛ K✐KH❡M ❣M♦✉♣
♦❢ ❤❡①❛♣♦❞K ❝❛♥♥♦H M♦❜✉KH❧② ❜❡ M❡K♦❧✈❡❞✳ ❆♥❛❧②K❡K H❛❦✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✐♥H♦ ❛❝❝♦✉♥H ✉♥❡Q✉✐✈♦✲
❝❛❧❧② ♣M♦♣♦K❡ ♠♦♥♦♣❤②❧❡H✐❝ ❍❡①❛♣♦❞❛✳ ❘❡❧❛H✐♦♥K❤✐♣K ❛♠♦♥❣ ❡♥H♦❣♥❛H❤♦✉K ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞K
❛M❡ M❡K♦❧✈❡❞ ❛♥❞ ❊❝H♦❣♥❛H❤❛ ❛M❡ ♠❛①✐♠❛❧❧② K✉♣♣♦MH❡❞✳ ✐H❤✐♥ ❡♥❞♦♣H❡M②❣♦H❡K✱ ❤②♠❡♥♦♣H❡M❛♥K ❛M❡
KHM♦♥❣❧② ♣M♦♣♦K❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ M❡♠❛✐♥✐♥❣ ❤♦❧♦♠❡H❛❜♦❧♦✉K ✐♥K❡❝HK✳ ❆❣❛✐♥✱ ❛❞✈❛♥❝❡❞ ♠❡H❤♦❞K
✐♥ ❞❛H❛ Q✉❛❧✐H② ❛KK❡KK♠❡♥H ❛♥❞ ♠♦❞❡❧✐♥❣ ♣❛② ♦✛ ✐HK ❡✛♦MH✳
❚❤✐K H❤❡K✐K ✇❛K ❝♦♥❞✉❝H❡❞ ✇✐H❤✐♥ H❤❡ ❉❋● ♣M✐♦M✐H② ♣M♦❣M❛♠ ❙ ✶✶✼✹ ✏❉❡❡♣ ▼❡H❛③♦❛♥ ❤②❧♦❣❡♥②✑
❛♥❞ ❢✉♥❞❡❞ ❜② H❤❡ ❣M❛♥H ▼■ ✻✹✾✴✻✳
✶✳ ●❡♥❡A❛❧ ■♥=A♦❞✉❝=✐♦♥
❆MH❤M♦♣♦❞K ❡♥❝♦♠♣❛KK ♠♦M❡ H❤❛♥ H❤M❡❡ Q✉❛MH❡MK ♦❢ ❛❧❧ ❞❡K❝M✐❜❡❞ ❧✐✈✐♥❣ K♣❡❝✐❡K✳ ❚❤❡② ✇❡M❡ H❤❡ ✜MKH
❛♥✐♠❛❧K H♦ ❝♦♥Q✉❡M ❧❛♥❞ ❛♥❞ ❛✐M✳ ❚❤✐K ❡①HM❛♦M❞✐♥❛M② ❡✈♦❧✉H✐♦♥❛M② K✉❝❝❡KK ✐K ❜❛K❡❞ ♦♥ ❛♥ ❛KH♦✉♥❞✐♥❣❧②
✇✐❞❡ ❛MM❛② ♦❢ ❤✐❣❤❧② ❛❞❛♣H❡❞ ❜♦❞② ♦M❣❛♥✐③❛H✐♦♥K✳ ❙H✐❧❧✱ ✐H ✐K ♥♦H ❝❧❡❛M✱ ❤♦✇ ♦❢H❡♥ H❤❡② ❝♦♥Q✉❡M❡❞ ❧❛♥❞✳
❘❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥ ❛♥❞ ❜❡H✇❡❡♥ H❤❡ ♠❛❥♦M ❛MH❤M♦♣♦❞ ❣M♦✉♣K✱ ❝❤❡❧✐❝❡M❛H❡K✱ ♠②M✐❛♣♦❞K✱ ❝M✉KH❛❝❡❛♥K
❛♥❞ ❤❡①❛♣♦❞K ✭❊✉❛MH❤M♦♣♦❞❛✮✱ ❛M❡ KH✐❧❧ ✉♥M❡K♦❧✈❡❞✳ ❙✐♥❝❡ ❛MH❤M♦♣♦❞ ♣❤②❧♦❣❡♥② ❤❛K ❜❡❡♥ ❛❞❞M❡KK❡❞ ✐♥
K❝✐❡♥H✐✜❝ KH✉❞✐❡K✱ ❛❧♠♦KH ❡✈❡M② ♣♦KK✐❜❧❡ K❝❡♥❛M✐♦ ❤❛K ❜❡❡♥ ♣M♦♣♦K❡❞✳ ■♥ H❤❡ ❧❛H❡ ✷✵th ❝❡♥H✉M②✱ ♠♦❧❡❝✉❧❛M
KH✉❞✐❡K ❛❣❛✐♥ M❡❛♥✐♠❛H❡❞ H❤❡ ❞❡❜❛H❡✳
✶✳✶✳ ❘❡❧❛<✐♦♥>❤✐♣> ❜❡<✇❡❡♥ ♠❛❥♦@ ❛@<❤@♦♣♦❞ ❝❧❛❞❡>
▼❛♥❞✐❜✉❧❛M❛✿ ✏❆M❡❧♦❝❡O❛M❛✑ ✈❡ON✉N ✏^❛♥❝O✉NM❛❝❡❛✑
❚M❛❞✐H✐♦♥❛❧❧②✱ ❝M✉KH❛❝❡❛♥K✱ ♠②M✐❛♣♦❞K ❛♥❞ ❤❡①❛♣♦❞K ❛M❡ K✉❜K✉♠❡❞ ✉♥❞❡M ✏▼❛♥❞✐❜✉❧❛H❛✑ ✭❙♥♦❞❣M❛KK✱
✶✾✸✺✮✳ ❚❤❡ ❝❧❛❞❡ ✉♥✐H❡K ❛❧❧ ❡✉❛MH❤M♦♣♦❞K ✇✐H❤ ♠❛♥❞✐❜❧❡K ✭❍❛M③K❝❤ ❡H ❛❧✳✱ ✷✵✵✺❀ ❙❝❤♦❧H③ ❛♥❞ ❊❞❣❡✲
❝♦♠❜❡✱ ✷✵✵✻✮✳ ❈❤❡❧✐❝❡M❛H❡K ❛M❡ ❝♦♥K✐❞❡M❡❞ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ▼❛♥❞✐❜✉❧❛H❛✳ ▼❛♥❞✐❜✉❧❛H❡K ✇❡M❡ ♦M✐✲
❣✐♥❛❧❧② ❝❧❛KK✐✜❡❞ ✐♥H♦ ❝M✉KH❛❝❡❛♥K ❛♥❞ ✏❆H❡❧♦❝❡M❛H❛✑ ✭❍❡②♠♦♥❞K✱ ✶✾✵✶❀ ❙♥♦❞❣M❛KK✱ ✶✾✸✽❀ ❆①✱ ✶✾✾✵❀
❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤✱ ✷✵✵✹✮✱ ♦M ✏❚M❛❝❤❡❛H❛✑ ✭♦❝♦❝❦✱ ✶✽✾✸❀ ❆①✱ ✶✾✾✵❀ ❇u❝❦❡M ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❚❤❡ H❡M♠
❆H❡❧♦❝❡M❛H❛ ✐K ❞❡M✐✈❡❞ ❢M♦♠ H❤❡ ❧♦KK ♦❢ H❤❡ K❡❝♦♥❞ ♣❛✐M ♦❢ ❛♥H❡♥♥❛❡ ❛♥❞ ✉♥✐H❡K ♠②M✐❛♣♦❞K ❛♥❞ ❤❡①❛♣♦❞K
✭❙♥♦❞❣M❛KK✱ ✶✾✸✽✮✳ ❈M✉KH❛❝❡❛♥K ✇❡M❡ ❝♦♥K✐❞❡M❡❞ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ❆H❡❧♦❝❡M❛H❛✱ ❜✉H ❛❧M❡❛❞② ❙♥♦❞✲
❣M❛KK ✭✶✾✸✺✮ ❝♦♥H❡♠♣❧❛H❡❞ ❛ ♣♦KK✐❜❧❡ ♣❛M❛♣❤②❧② ♦❢ ❝M✉KH❛❝❡❛♥K✳ ❙✉❣❣❡KH❡❞ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❝❤❛M❛❝H❡MK✱
❡✳❣✳ H❤❡ HM❛❝❤❡❛❧ K②KH❡♠ ❛♥❞ K♣✐M❛❝❧❡K✱ H❤❡ ♣M❡K❡♥❝❡ ♦❢ ❡✈❡MK✐❜❧❡ ✈❡K✐❝❧❡K✱ H❤❡ KHM✉❝H✉M❡ ♦❢ ♠❛♥❞✐❜❧❡K
✭K❡❡ ❑❧❛KK ❛♥❞ ❑M✐KH❡♥K❡♥✱ ✷✵✵✶❀ ❑♦❝❤✱ ✷✵✵✶✮ ♦M H❤❡ ❡Q✉✐♣♠❡♥H ♦❢ H❤❡ HM✉♥❦ ♣❧❡✉M❛ ♦❢ ♠②M✐❛♣♦❞K
❛♥❞ ✐♥K❡❝HK ✇✐H❤ ❛ ❝❤❛M❛❝H❡M✐KH✐❝ K❡H ♦❢ ❝♦♥❝❡♥HM✐❝ K❝❧❡M✐H❡K ❛M♦✉♥❞ H❤❡ ❧❡❣ ❜❛K❡ ❛♥❞ ❛❝❝♦♠♣❛♥②✐♥❣
♠✉K❝❧❡K ✭❇u❝❦❡M ❡H ❛❧✳✱ ✷✵✵✽✮ K✉♣♣♦MH ❆H❡❧♦❝❡M❛H❛✳ ❛✉❧✉K ✭✶✾✼✾✮ ✐♥✐H✐❛❧❧② ❝❤❛❧❧❡♥❣❡❞ H❤✐K ✈✐❡✇ ❜❛K❡❞
♦♥ ❤✐K ✇♦M❦ ♦♥ ♦♠♠❛H✐❞✐❛❧ KHM✉❝H✉M❡K ♦❢ ❛MH❤M♦♣♦❞ ❝♦♠♣♦✉♥❞ ❡②❡K✳ ❍❡ ❞❡K❝M✐❜❡❞ KHM✐❦✐♥❣ K✐♠✐❧❛M✐H✐❡K
❜❡H✇❡❡♥ ✜♥❡ KHM✉❝H✉M❛❧ ♦M❣❛♥✐③❛H✐♦♥K ♦❢ ✐♥K❡❝HK ❛♥❞ ❝M✉KH❛❝❡❛♥K ❛♥❞ ✐♥❞✐❝❛H❡❞ ♣♦H❡♥H✐❛❧ ♣M♦❜❧❡♠K ✇✐H❤
H❤❡ H❛①♦♥ ❆H❡❧♦❝❡M❛H❛✳ ▲✐❦❡✇✐K❡✱ ❆✈❡M♦❢ ❛♥❞ ❆❦❛♠ ✭✶✾✾✺✮ K✉❣❣❡KH❡❞ ❛ ❝M✉KH❛❝❡❛♥✲❧✐❦❡ ❝♦♠♠♦♥ ❛♥❝❡K✲
H♦M ♦❢ ❤❡①❛♣♦❞K ❛♥❞ ❝M✉KH❛❝❡❛♥K ❢M♦♠ ❝♦♠♣❛M❛H✐✈❡ ❞❡✈❡❧♦♣♠❡♥H❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✳ ❆❞❞✐H✐♦♥❛❧❧②✱
♥❡✉M♦❜✐♦❧♦❣✐❝❛❧ KH✉❞✐❡K ✭❋❛♥❡♥❜M✉❝❦ ❡H ❛❧✳✱ ✷✵✵✹❀ ❍❛M③K❝❤ ❡H ❛❧✳✱ ✷✵✵✺❀ ❍❛M③K❝❤✱ ✷✵✵✻❀ ♥❣❡M❡M ❛♥❞
❙❝❤♦❧H③✱ ✷✵✵✽✮ K✉♣♣♦MH❡❞ ❛ ❝❧❛❞❡ ✏❛♥❝M✉KH❛❝❡❛✑ ✭M③❛✈l ❛♥❞ ✟❙H②K✱ ✶✾✾✼✮ ♦M ✏❚❡HM❛❝♦♥❛H❛✑ ✭❉♦❤❧❡✱
✷✵✵✶✮✳
▼♦❧❡❝✉❧❛M ❛♥❛❧②K❡K ♣M♦♣♦K❡❞ ❛♥❝M✉KH❛❝❡❛ ✭❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✶✾✾✺❀ ❘❡❣✐❡M ❛♥❞ ❙❤✉❧H③✱ ✶✾✾✼❀
❙❤✉❧H③ ❛♥❞ ❘❡❣✐❡M✱ ✷✵✵✵❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✶✮✳ ❙❡♠✐♥❛❧ ✇♦M❦ ✇❛K ♣✉❜❧✐K❤❡❞ ❜② ❇♦♦M❡ ❡H ❛❧✳ ✭✶✾✾✺✮ ❛♥❞
❇♦♦M❡ ❡H ❛❧✳ ✭✶✾✾✽✮✿ H❤❡② ❢♦✉♥❞ H❤❛H ❝M✉KH❛❝❡❛♥K ❛♥❞ ❤❡①❛♣♦❞K K❤❛M❡ ❝♦♠♠♦♥ ♠✐H♦❝❤♦♥❞M✐❛❧ ✭♠H✮
❣❡♥❡ ❛MM❛♥❣❡♠❡♥HK ✇✐H❤ ❡①❝❧✉K✐♦♥ ♦❢ ♠②M✐❛♣♦❞K✳ ❛♥❝M✉KH❛❝❡❛ ✐K K✉♣♣♦MH❡❞ ❜② ♠♦KH ♠♦❧❡❝✉❧❛M K✐♥❣❧❡
❣❡♥❡ ❛♥❛❧②K❡K ✭❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✶✾✾✺❀ ❙❤✉❧H③ ❛♥❞ ❘❡❣✐❡M✱ ✷✵✵✵❀ ❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✷✵✵✶❀ ●✐M✐❜❡H
❡H ❛❧✳✱ ✷✵✵✶❀ ❍✇❛♥❣ ❡H ❛❧✳✱ ✷✵✵✶❀ ❘❡❣✐❡M ❛♥❞ ❙❤✉❧H③✱ ✷✵✵✶❀ ✐K❛♥✐ ❡H ❛❧✳✱ ✷✵✵✹❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀
❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✺❀ ❍❛KK❛♥✐♥✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ❇♦✉M❧❛H ❡H ❛❧✳✱ ✷✵✵✽❀ ❘❡❣✐❡M ❡H ❛❧✳✱
✹ ❈❤❛♣H❡M ✶✳ ●❡♥❡M❛❧ ■♥HM♦❞✉❝H✐♦♥
✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮ ❛♥❞✱ M❡❝❡♥H❧②✱ ❜② ❛♥ ❡①H❡♥K✐✈❡ ♣❤②❧♦❣❡♥♦♠✐❝ ❛♥❛❧②K✐K ♦❢ ♠❡H❛③♦❛♥ H❛①❛
✭❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽✮ ❛♥❞ ❛ ♠✉❧H✐✲❣❡♥❡ ❛♥❛❧②K✐K ♦❢ ❛MH❤M♦♣♦❞K ✭❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡M✱ ♠❛♥②
♦❢ H❤❡K❡ KH✉❞✐❡K ♣M❡K❡♥H M❡❝♦♥KHM✉❝H✐♦♥K H❤❛H ❧❛❝❦ ❛ M♦❜✉KH M❡K♦❧✉H✐♦♥ ❜❡H✇❡❡♥ ❈❤❡❧✐❝❡M❛H❛✱ ▼②M✐❛♣♦❞❛
❛♥❞ ❛♥❝M✉KH❛❝❡❛ ✭❡✳❣✳ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮✳
✏▼❛♥❞✐❜✉❧❛M❛✑ ✈❡ON✉N ✏▼②O✐♦❝❤❡❧❛M❛✑
❚❤❡ ♠♦♥♦♣❤②❧② ♦❢ ▼❛♥❞✐❜✉❧❛H❛ ✇❛K ✉♥❝❤❛❧❧❡♥❣❡❞ ❢♦M ❛ ❧♦♥❣ H✐♠❡ ✭❙♥♦❞❣M❛KK✱ ✶✾✸✽❀ u❣❡❧❡✱ ✶✾✾✸❀
❇♦♦M❡ ❡H ❛❧✳✱ ✶✾✾✺❀ ❙❝❤♦❧H③ ❡H ❛❧✳✱ ✶✾✾✽❀ ❊❞❣❡❝♦♠❜❡ ❡H ❛❧✳✱ ✷✵✵✵❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✶✮✳ ❇❛K❡❞ ♦♥
♠♦❧❡❝✉❧❛M KH✉❞✐❡K ✭❍✇❛♥❣ ❡H ❛❧✳✱ ✷✵✵✶❀ ❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✷✵✵✶❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ❍❛KK❛♥✐♥
❡H ❛❧✳✱ ✷✵✵✺❀ ❍❛KK❛♥✐♥✱ ✷✵✵✻❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽✮✱ ❛ ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❈❤❡❧✐❝❡M❛H❛ ✰
▼②M✐❛♣♦❞❛ ❤❛K ❜❡❡♥ K✉❣❣❡KH❡❞✱ ❝♦✐♥❡❞ ✏▼②M✐♦❝❤❡❧❛H❛✑ ✭✐K❛♥✐ ❡H ❛❧✳✱ ✷✵✵✹✮ ♦M ✏❛M❛❞♦①♦♣♦❞❛✑ ✭▼❛❧❧❛HH
❡H ❛❧✳✱ ✷✵✵✹✮✳ ❑❛❞♥❡M ❛♥❞ ❙H♦❧❧❡✇❡M❦ ✭✷✵✵✹✮ M❡♣♦MH❡❞ ❛ ❝♦MM❡K♣♦♥❞❡♥❝❡ ✐♥ ♥❡✉M♦❣❡♥❡K✐K ♦❢ ▼②M✐❛♣♦❞❛
❛♥❞ ❈❤❡❧✐❝❡M❛H❛✱ ❜✉H ❛❧H❡M♥❛H✐✈❡❧② H❤❡ K✉❣❣❡KH❡❞ ❝❤❛M❛❝H❡M K❡HK ♠❛② M❡✢❡❝H ❛ ♣❧❡K✐♦♠♦M♣❤✐❝ KH❛H❡
✇✐H❤✐♥ ❊✉❛MH❤M♦♣♦❞❛ ✭❙H♦❧❧❡✇❡M❦ ❛♥❞ ❙✐♠♣K♦♥✱ ✷✵✵✺❀ ❙H♦❧❧❡✇❡M❦ ❛♥❞ ❈❤✐♣♠❛♥✱ ✷✵✵✻✮✳ ▼❛②❡M ❛♥❞
❤✐♥H✐♥❣H♦♥ ✭✷✵✵✾✮ KH✉❞✐❡❞ H❤❡ ♥❡M✈♦✉K K②KH❡♠ ♦❢ ✈❡❧✈❡H ✇♦M♠K ❛♥❞ K✉❣❣❡KH❡❞ ♣♦KK✐❜❧❡✱ ❛♣♦♠♦M♣❤✐❝
❝❤❛M❛❝H❡MK ❢♦M ❛M❛❞♦①♦♣♦❞❛ ❢M♦♠ ♥❡✉M♦❣❡♥❡K✐K ❛♥❞ ❡♠❜M②♦♥✐❝ ❣❡M♠ ❞✐K❦✳ ❙H✐❧❧✱ ❝❤❛M❛❝H❡MK H❤❛H K✉♣♣♦MH
❛M❛❞♦①♦♣♦❞❛ ❛M❡ K♣❛MK❡ ✭u❣❡❧❡✱ ✶✾✾✸❀ ❑❧❛KK ❛♥❞ ❑M✐KH❡♥K❡♥✱ ✷✵✵✶❀ ❉♦❤❧❡✱ ✷✵✵✶❀ ❍❛M③K❝❤✱ ✷✵✵✻❀
❇u❝❦❡M ❡H ❛❧✳✱ ✷✵✵✽❀ ▼✐♥❡❧❧✐✱ ✷✵✵✾❀ ❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾✱ ✷✵✶✵❀ ❙❤❡❛M ❛♥❞ ❊❞❣❡❝♦♠❜❡✱ ✷✵✶✵✮✳
❋M♦♠ ❛ ♠♦❧❡❝✉❧❛M ♣❡MK♣❡❝H✐✈❡✱ ✐H M❡♠❛✐♥K H♦ ❜❡ H❡KH❡❞ ✇❤❡H❤❡M ❛❧H❡M♥❛H✐✈❡ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K
❛♥❞ ❛❞❞✐H✐♦♥❛❧ ♠♦❧❡❝✉❧❛M ❞❛H❛ ✭❡✳❣✳ ❢M♦♠ ♠②M✐❛♣♦❞K ❛♥❞ ❡K♣❡❝✐❛❧❧② ❢M♦♠ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞ ❧✐♥❡❛❣❡K✮
K✉♣♣♦MH ❛ ♣❛♥❝M✉KH❛❝❡❛♥ ❝❧❛❞❡✳ ❚❤❡ M❡K♦❧✉H✐♦♥ ♦❢ H❤❡K❡ Q✉❡KH✐♦♥K ✇✐❧❧ K❤❡❞ ❧✐❣❤H ♦♥ H❤❡ ❡✈♦❧✉H✐♦♥
♦❢ H❡MM❡KHM✐❛❧ ❛MH❤M♦♣♦❞K✱ ❡✳❣✳ ✐❢ ❛MH❤M♦♣♦❞K ❝♦♥Q✉❡M❡❞ ❧❛♥❞ ♦♥❧② ♦♥❝❡✱ ♦M ✐❢ ❤❡①❛♣♦❞K ❛M❡ ✐♥ ❢❛❝H
✬K♣❡❝✐❛❧✐③❡❞ H❡MM❡KHM✐❛❧ ❝M✉KH❛❝❡❛♥K✬✳
✶✳✷✳ ❍❡①❛♣♦❞> ❛♥❞ <❤❡ @♦❧❡ ♦❢ ❛♣<❡@②❣♦<❡ ❧✐♥❡❛❣❡>
✐H❤✐♥ ❤❡①❛♣♦❞K✱ M❡❧❛H✐♦♥K❤✐♣K ❛M❡ ❢❛M ❢M♦♠ ❜❡✐♥❣ M❡K♦❧✈❡❞ ✭❖❣❞❡♥ ❛♥❞ ❤✐H✐♥❣✱ ✷✵✵✸❀ ❑❥❡M✱ ✷✵✵✹❀
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❝♦♥❝❡M♥ H❤❡ ❡❛M❧✐❡KH K♣❧✐HK ✇✐H❤✐♥ ❤❡①❛♣♦❞K✱ ❡K♣❡❝✐❛❧❧② M❡❧❛H✐♦♥K❤✐♣K ♦❢ H❤❡ K♦✲❝❛❧❧❡❞ ❛♣H❡M②❣♦H❡ ❧✐♥❡❛❣❡K
♦M ✏❜❛K❛❧✑ ❤❡①❛♣♦❞K✿ M♦H✉M❛✱ ❈♦❧❧❡♠❜♦❧❛✱ ❉✐♣❧✉M❛✱ ❆M❝❤❛❡♦❣♥❛H❤❛ ❛♥❞ ②❣❡♥H♦♠❛ ✭K❡❡ ❑♦❝❤✱ ✶✾✾✼❀
❑M✐KH❡♥K❡♥✱ ✶✾✾✽❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✵✱ ✷✵✵✺✱ ✷✵✵✼❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✶❀ ❉✬❍❛❡K❡✱ ✷✵✵✷❛✱❜❀ ◆❛M❞✐
❡H ❛❧✳✱ ✷✵✵✸❛❀ ❉❡❧K✉❝ ❡H ❛❧✳✱ ✷✵✵✸❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✸❀ ❑❥❡M✱ ✷✵✵✹❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✹❀ ❘❡❣✐❡M ❡H ❛❧✳✱
✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✽✱ ✷✵✶✵❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡②
♣❧❛② ❛♥ ❡KK❡♥H✐❛❧ M♦❧❡ ❛K ❛ ♣♦KK✐❜❧❡ ❧✐♥❦ H♦ M❡K♦❧✈❡ ♠❛❥♦M ❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K✳ ❈♦♥K❡Q✉❡♥H❧②✱ H❤❡
✐♥❝❧✉K✐♦♥ ♦❢ H❤❡K❡ H❛①❛ ✐♥ ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥ ✐K ❝M✉❝✐❛❧✳ ❙♦ ❢❛M✱ H❤❡② ❛M❡ ❧✐HH❧❡ ❝♦♥K✐❞❡M❡❞ ✐♥
♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦KH ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✳
❚❤❡ H❛①♦♥ ❆♣H❡M②❣♦H❛ ✭▲❛♥❣✱ ✶✽✽✽✮ ❝♦♥KH✐H✉H❡K ❛♥ ❛MH✐✜❝✐❛❧ ❣M♦✉♣✱ ❜❡❝❛✉K❡ H❤❡ ♣M✐♠❛M② ✇✐♥❣❧❡KK♥❡KK
✐K ❝♦♥K✐❞❡M❡❞ ❛K ❛ K②♠♣❧❡K✐♦♠♦M♣❤② ✭❍❡♥♥✐❣✱ ✶✾✺✸✮✳ ❙✐♥❝❡ H❤❡ ♠✐❞✲✷✵th ❝❡♥H✉M②✱ ❤❡①❛♣♦❞K ✇❡M❡
❝❧❛KK✐✜❡❞ ✐♥H♦ ❊♥H♦❣♥❛H❤❛ ❛♥❞ ❊❝H♦❣♥❛H❤❛ ✭❍❡♥♥✐❣✱ ✶✾✺✸✱ ✶✾✻✾✱ ✶✾✽✶❀ ❑M✐KH❡♥K❡♥✱ ✶✾✾✶✮✳ ❊♥H♦✲
❣♥❛H❤❛ ✐♥❝❧✉❞❡ M♦H✉M❛ ✭❝♦♥❡❤❡❛❞K✮✱ ❉✐♣❧✉M❛ ✭❞✐♣❧✉M❛♥K✮ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛ ✭K♣M✐♥❣H❛✐❧K✮ ❛♥❞ ❤❛✈❡ ❜❡❡♥
HM❛❞✐H✐♦♥❛❧❧② ❝♦♥K✐❞❡M❡❞ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ❊❝H♦❣♥❛H❤❛ ✭❑M✐KH❡♥K❡♥✱ ✶✾✽✶✮✳ ❆❧❧ H❤M❡❡ ♦M❞❡MK K❤♦✇✱
❡①❝❡♣H H❤❡ ❤❡①❛♣♦❞② ❛♥❞ H❤❡ ❞✐✈✐K✐♦♥ ♦❢ H❤❡ ❜♦❞② ✐♥H♦ ❝❛♣✉M✱ M❤♦O❛① ❛♥❞ ❛❜❞♦♠❡♥✱ ❡①HM❡♠❡❧② ❛❜❡MM❛♥H
❝❤❛M❛❝H❡MK ❝♦♠♣❛M❡❞ ✇✐H❤ ❛ ❤❡①❛♣♦❞ ❣M♦✉♥❞ ♣❧❛♥✳ ❊❝H♦❣♥❛H❤❛ ✐♥❝❧✉❞❡ H❤❡ ♣M✐♠❛M② ✇✐♥❣❧❡KK ♦M❞❡MK
✶✳✷✳ ❍❡①❛♣♦❞K ❛♥❞ H❤❡ M♦❧❡ ♦❢ ❛♣H❡M②❣♦H❡ ❧✐♥❡❛❣❡K ✺
❆M❝❤❛❡♦❣♥❛H❤❛ ✭❜M✐KH❧❡H❛✐❧K✮✱ ②❣❡♥H♦♠❛ ✭K✐❧✈❡M✜K❤ ❛♥❞ ✜M❡❜M❛HK✮ ❛♥❞ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ②❣❡♥H♦♠❛
❤❛✈❡ ❜❡❡♥ ❝♦♥K✐❞❡M❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦ H❡M②❣♦H❛ ✭❍❡♥♥✐❣✱ ✶✾✻✾❀ ❑M✐KH❡♥K❡♥✱ ✶✾✼✺✮✳
❊❝H♦❣♥❛H❤❛ K❤♦✇ ❡❧❡✈❡♥ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥HK✱ ❡♣✐♠❡M✐❝ ❞❡✈❡❧♦♣♠❡♥H ❛♥❞ ❝♦♠♣♦✉♥❞ ❡②❡K✳ ■♥ ❝♦♥✲
HM❛KH H♦ ❊♥H♦❣♥❛H❤❛✱ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❊❝H♦❣♥❛H❤❛ ✐K ❣❡♥❡M❛❧❧② ❛❝❝❡♣H❡❞ ❢M♦♠ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞
♠♦❧❡❝✉❧❛M ♣♦✐♥H ♦❢ ✈✐❡✇ ✭❡✳❣✳ ❑M✐KH❡♥K❡♥✱ ✶✾✼✺❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ❙③✉❝K✐❝❤ ❛♥❞
❛KK✱ ✷✵✵✽❀ ●M✐♠❛❧❞✐✱ ✷✵✶✵❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮✳
❆♣♦♠♦M♣❤✐❝ ❝❤❛M❛❝H❡MK ❛M❡ ❢♦M ❡①❛♠♣❧❡ H❤❡ ❝♦♥KHM✉❝H✐♦♥ ♦❢ ❛♥H❡♥♥❛❡ ✇❤❡M❡ ♠✉K❝❧❡ ✐K ♦♥❧② ♣M❡K❡♥H ✐♥
H❤❡ ❜❛K❛❧ ♣❛MH ✭K❝❛♣✉K✮✱ H❤❡ ❏♦❤♥KH♦♥✬K ♦M❣❛♥✱ K❡♣❡M❛H❡❞ ❛♥H❡♥♥❛❡ ✈❡KK❡❧K ♦❢ H❤❡ ❛♦MH❛✱ ❡H❝✳
❊❝M♦❣♥❛M❤♦✉N✱ ♣O✐♠❛O② ✇✐♥❣❧❡NN ♦O❞❡ON
❆O❝❤❛❡♦❣♥❛M❤❛ ✭❜M✐KH❧❡H❛✐❧K✮ ❛M❡ ❝❧❛KK✐✜❡❞ ✐♥H♦ H✇♦ M❡❝❡♥H ❢❛♠✐❧✐❡K ❛♥❞ ❝♦♠♣M✐K❡ ❝❛✳ ✺✵✵ K♣❡❝✐❡K✳
K✉❛❧❧②✱ H❤❡② ♦❝❝✉M ✉♥❞❡M M♦❝❦K ♦M ❜❛M❦K✳ ❚❤❡② ❛M❡ ✐❞❡♥H✐✜❡K ❜② ❧❛M❣❡ ❝♦♠♣♦✉♥❞ ❡②❡K H❤❛H ♠❡❡H ❞♦MK❛❧❧②
✭❛♣♦♠♦M♠♣❤✐❝✮✱ ❛♥❞ ❧❛M❣❡ ♦❝❡❧❧✐✳ ❚❤❡ ✜❧❛♠❡♥H♦✉K✱ ♠✉❧H✐✲K❡❣♠❡♥H❡❞ ❛♥H❡♥♥❛❡ ❛M❡ ❛H H❤❡✐M ❜❛K❡ ❝❧♦K❡❧②
♣♦K✐H✐♦♥❡❞✳ ▲✐❦❡ ❡♥H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞K✱ H❤❡ ♠❛♥❞✐❜❧❡ ✐K ❝♦♥♥❡❝H❡❞ ✇✐H❤ H❤❡ ❤❡❛❞ ❝❛♣K✉❧❡ ❜② ♦♥❡
❛MH✐❝✉❧❛H✐♦♥ ♣♦✐♥H ✭♠♦♥♦❝♦♥❞②❧✐❝✮✳ ❚❤❡ ❧❛M❣❡✱ K❡✈❡♥✲K❡❣♠❡♥H❡❞ ♠❛①✐❧❧❛M② ♣❛❧♣K ❛M❡ ♣M♦♠✐♥❡♥H✳ ▲✐❦❡
②❣❡♥H♦♠❛✱ ❜M✐KH❧❡H❛✐❧K ❤❛✈❡ H✇♦ ❝❡M❝✐ ❛♥❞ ❛ ♠❡❞✐❛♥ ✜❧❛♠❡♥H ✭❛♣♦♠♦M♣❤✐❝✮✱ ❜✉H H❤❡ ✜❧❛♠❡♥H ✐K ❧♦♥❣❡M✱
♠♦KH❧② ❛K ❧♦♥❣ ❛K H❤❡✐M ❜♦❞②✳ ❆M❝❤❛❡♦❣♥❛H❤❛ ❝❛♥ ❥✉♠♣ ❜② ❛ ✢❡①✉M❡ ♦❢ H❤❡ ❜♦❞②✳ ❈✉MM❡♥H❧②✱ H❤❡② ❛M❡
H❤❡ ❛KK✉♠❡❞ K✐KH❡M ❣M♦✉♣ H♦ ❉✐❝♦♥❞②❧✐❛ ✭②❣❡♥H♦♠❛ ✰ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✮✳
②❣❡♥M♦♠❛ ✭K✐❧✈❡M✜K❤ ❛♥❞ ✜M❡❜M❛HK✮ K❤❛M❡ K❡✈❡M❛❧ ♣❧❡K✐♦♠♦M♣❤✐❝ ❝❤❛M❛❝H❡MK ✇✐H❤ ❆M❝❤❛❡♦❣♥❛H❤❛✳
❇♦H❤ ✉K❡ ✐♥❞✐M❡❝H K♣❡M♠ HM❛♥K❢❡M✳ ▲✐❦❡ ❆M❝❤❛❡♦❣♥❛H❤❛✱ ♠♦KH ③②❣❡♥H♦♠❛♥ K♣❡❝✐❡K ❤❛✈❡ ❛ K❝❛❧❡✲❝♦✈❡M❡❞
❜♦❞② ✭●M✐♠❛❧❞✐ ❛♥❞ ❊♥❣❡❧✱ ✷✵✵✺❀ ●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ❚❤❡ K❡❝♦♥❞ ❛MH✐❝✉❧❛H✐♦♥ ♣♦✐♥H ♦❢ H❤❡ ♠❛♥❞✐❜❧❡K ✉♥✐H❡K
②❣❡♥H♦♠❛ ✇✐H❤ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ❚❤✐K ❝❤❛M❛❝H❡M ❝♦♠♣❧❡① ✐K ♦❢H❡♥ ❝♦♥K✐❞❡M❡❞ ❛K ❛ K②♥❛♣♦♠♦M♣❤②
✭❙H❛♥✐❝③❡❦✱ ✷✵✵✸✮✱ ❜✉H K❡❡ ❑♦❝❤ ✭✷✵✵✶✮✱ ❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤ ✭✷✵✵✹✮ ❛♥❞ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✵✹✮✳ ②❣❡♥✲
H♦♠❛ ❧❛❝❦ H❤❡ ❛M❝❤❛❡♦❣♥❛H❤❛♥ ❤✉♠♣❀ H❤❡ ❜♦❞② ✐K ✢❛HH❡♥❡❞ ❛♥❞ H❤❡② ❞♦ ♥♦H ❥✉♠♣✳ ❈♦♠♣♦✉♥❞ ❡②❡K ❛M❡
♠♦KH❧② M❡❞✉❝❡❞ ♦M ❛❜K❡♥H✳ ❚❤❡② ❛M❡ ❝❧❛KK✐✜❡❞ ✐♥H♦ ✜✈❡ M❡❝❡♥H ❢❛♠✐❧✐❡K✳ ❚❤❡ ❢❛♠✐❧② ▲❡♣✐❞♦HM✐❝❤✐❞❛❡✱
✇✐H❤ ♣M♦❜❛❜❧② ♠♦KH ♣M✐♠✐H✐✈❡ ❝❤❛M❛❝H❡MK✱ ✐K M❡♣M❡K❡♥H❡❞ ❜② ♦♥❧② ♦♥❡ ❡①H❛♥H K♣❡❝✐❡K✱ ❚O✐❝❤♦❧❡♣✐❞❡♦♥
❣❡OMN❝❤✐ ✭②❣♦❞③✐♥K❦✐✱ ✶✾✻✺✮✳ ❖H❤❡M ▲❡♣✐❞♦HM✐❝❤✐❞❛❡ ❛M❡ ♦♥❧② ❦♥♦✇♥ ❢M♦♠ ❇❛❧H✐❝ ❛♠❜❡M✳ ❚❤❡② ♣♦K✲
K❡KK H❤M❡❡ ♦❝❡❧❧✐✱ ✇❤✐❧❡ H❤❡K❡ ❛M❡ ❛❜K❡♥H ✐♥ ❛❧❧ ♦H❤❡M ❢❛♠✐❧✐❡K✳ ❚❤❡ ♠♦♥♦♣❤②❧② ♦❢ ②❣❡♥H♦♠❛ ❤❛K ❜❡❡♥
♣✉H ✐♥H♦ Q✉❡KH✐♦♥ ❜② ♠♦M♣❤♦❧♦❣✐❝❛❧✱ ♠♦❧❡❝✉❧❛M ❛♥❞ ❝♦♠❜✐♥❡❞ ❛♥❛❧②K❡K✿ H❤❡② ❤❛✈❡ ❜❡❡♥ ♣M♦♣♦K❡❞ ❛K ♣❛✲
M❛♣❤②❧✉♠ ✇✐H❤ ❚O✐❝❤♦❧❡♣✐❞❡♦♥ ❛K K✐KH❡M H❛①♦♥ H♦ M❡♠❛✐♥✐♥❣ ❉✐❝♦♥❞②❧✐❛ ✭❇❡✉H❡❧ ❛♥❞ ●♦M❜✱ ✷✵✵✶❀ ❑♦❝❤✱
✷✵✵✶❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✹❀ ❇❡✉H❡❧ ❛♥❞ ●♦M❜✱ ✷✵✵✻❀ ❑❥❡M✱ ✷✵✵✹❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✼❀
▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ❈♦♠❛♥❞✐ ❡H ❛❧✳✱ ✷✵✵✾✮✳
❊♥M♦❣♥❛M❤♦✉N✱ ♣O✐♠❛O② ✇✐♥❣❧❡NN ♦O❞❡ON
^O♦M✉O❛ ❛M❡ H✐♥② ❛♥✐♠❛❧K ❛♥❞ ❝❤❛M❛❝H❡M✐③❡❞ ❜② H❤❡✐M ❝M②♣H✐❝ ❧✐❢❡ KH②❧❡✳ ❉❡K❝M✐❜❡❞ ❜② ❙✐❧✈❡KHM✐ ✭✶✾✵✼✮✱
H❤❡② ✇❡M❡ ❝❧❛KK✐✜❡❞ ✐♥H♦ ❤❡①❛♣♦❞K✱ ❜✉H H❤❡② K❤♦✇ ♠❛♥② ✉♥✐Q✉❡ ❛♥❞ ✉♥H②♣✐❝❛❧ ❝❤❛M❛❝H❡MK ❢♦M ❤❡①❛♣♦❞K✳
M♦H✉M❛ ❛M❡ ♣M♦❜❛❜❧② H❤❡ ♠♦KH ❛❜❡MM❛♥H ❤❡①❛♣♦❞ ❣M♦✉♣✳ ❚❤❡ H❡M♠ ✏M♦H✉M❛✑ ✐K ❞❡M✐✈❡❞ ❢M♦♠ ✏♣M♦H♦✲✑
❣M✳✿ ✜MKH✱ ♦M✐❣✐♥❛❧ ❛♥❞ ✏✉M❛✑ ❣M✳✿ H❛✐❧ ❛♥❞ M❡❢❡MK H♦ H❤❡ ❧❛❝❦ ♦❢ ❛❞✈❛♥❝❡❞ ♦M K♣❡❝✐❛❧✐③❡❞ KHM✉❝H✉M❡K
❛H H❤❡ ❜❛❝❦ ♦❢ H❤❡ ❛❜❞♦♠❡♥✳ ✏❈♦♥❡❤❡❛❞K✑ ❡♥❣❧✳ ✐K ❞❡M✐✈❡❞ ❢M♦♠ H❤❡ ❝♦♥❡✲K❤❛♣❡❞ ❤❡❛❞✳ M♦H✉✲
M❛♥K ❤❛✈❡ H❤M❡❡ ✇❡❧❧ ❞❡✈❡❧♦♣❡❞ ♣❛✐MK ♦❢ ❧❡❣K ✇❤✐❝❤ ❡❛❝❤ ❝♦♥K✐KH ♦❢ K✐① ♣♦❞♦♠❡MK✱ K✐♠✐❧❛M H♦ ✬H②♣✐❝❛❧✬
❤❡①❛♣♦❞K✳ ✏❇❡✐♥H❛KH❧❡M✑ ❣❡M♠✳ ♦M✐❣✐♥❛H❡K ❢M♦♠ H❤❡ ✉K❛❣❡ ♦❢ H❤❡✐M ❢♦M❡❧❡❣K✿ ✉K✉❛❧❧②✱ H❤❡② H❛❦❡ ♦✈❡M
❛ K❡♥K♦M② ♦M ❛♥H❡♥♥❛❧✲❧✐❦❡ ❢✉♥❝H✐♦♥✳ ❚❤❡ ❛❜❞♦♠❡♥ ❝♦♥K✐KHK ♦❢ H✇❡❧✈❡ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥HK✳ ❚❤❡ ✜MKH
✻ ❈❤❛♣H❡M ✶✳ ●❡♥❡M❛❧ ■♥HM♦❞✉❝H✐♦♥
H❤M❡❡ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥HK ❝❛MM② ♦♥❡ ♣❛✐M ♦❢ M✉❞✐♠❡♥H❛M② ❧✐♠❜K✳ ❇❡M❧❡K❡ ❞❡K❝M✐❜❡❞ H❤✐K ♦M❞❡M ✐♥ ✶✾✵✾
❛K ✏▼②M✐❡♥H♦♠❛H❛✑✱ ❛♥ ✐♥✲❜❡H✇❡❡♥ ❜❡H✇❡❡♥ ❤❡①❛♣♦❞K ❛♥❞ ♠②M✐❛♣♦❞K✳ M♦H✉M❛♥K K❤♦✇ ❛♥ ❛♥❛♠❡M✐❝ ❞❡✲
✈❡❧♦♣♠❡♥H ❧✐❦❡ K♦♠❡ ♠②M✐❛♣♦❞ ❧✐♥❡❛❣❡K ✭●M✐♠❛❧❞✐ ❛♥❞ ❊♥❣❡❧✱ ✷✵✵✺❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✻❀ ❉❛❧❧❛✐ ❡H ❛❧✳✱
✷✵✶✵✮✳ ❚❤❡ ❡❛M❧② ❧❛M✈❛❧ KH❛❣❡K ❝♦♠♣M✐K❡ ♥✐♥❡ ❛♥❞ H❡♥ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥HK✳ ❚❤❡② ❞♦ ♥♦H ♠♦❧H ❛❢H❡M
K❡①✉❛❧ ♠❛H✉M❛H✐♦♥ ✐♥ ❝♦♥HM❛KH H♦ ❉✐♣❧✉M❛✱ ❈♦❧❧❡♠❜♦❧❛ ❛♥❞ ②❣❡♥H♦♠❛ ✭●M✐♠❛❧❞✐ ❛♥❞ ❊♥❣❡❧✱ ✷✵✵✺✮✳
❚❤❡② ❧❛❝❦ ❝♦♠♣♦✉♥❞ ❡②❡K ❛♥❞ ♦♠♠❛H✐❞✐❛✳ ❚❤❡ ❣❡♥✐H❛❧K ❛M❡ Q✉✐H❡ ❞✐✛❡M❡♥H ❢M♦♠ ❛❧❧ ♦H❤❡M ❤❡①❛♣♦❞K✳
M♦H✉M❛♥K ❧❛❝❦ ❛♥H❡♥♥❛❡✳ ❖♥ H❤❡ ❤❡❛❞✱ H❤❡② ♣♦KK❡KK H❡♠♣♦M❛❧ ♦M❣❛♥K✱ H❤❡ ♣N❡✉❞♦❝✉❧✐✳ ❚❤❡✐M ❢✉♥❝H✐♦♥
✐K KH✐❧❧ ✉♥❦♥♦✇♥✳ ■♥ ❡KH❤❡✐❞❡ ❛♥❞ ❘✐❡❣❡M ✭❡✳❣✳ ✷✵✵✼✮ ❛♥❞ ❑❧❛KK ✭✷✵✵✼✮ H❤❡K❡ ♦M❣❛♥K ❛M❡ H❡M♠❡❞
✏❚!♠!K✈}M② ♦M❣❛♥K✑✱ ❜✉H ❛♥ ❛KK✐❣♥♠❡♥H ✇✐H❤ H❤❡ ❚!♠!K✈}M② ♦M❣❛♥K ♦❢ ♠②M✐❛♣♦❞K ♦M H❤❡ ♣♦KH❛♥H❡♥♥❛❧
♦M❣❛♥K ✭❆❖✮ ♦❢ K♣M✐♥❣H❛✐❧K ✐K Q✉❡KH✐♦♥❡❞ ❜② K❡✈❡M❛❧ ❛✉H❤♦MK✱ ✭❡✳❣✳ ❚✉①❡♥✱ ✶✾✻✹✮✳ ❚❤❡ ✉❧HM❛KHM✉❝H✉M❡
♦❢ H❤❡ K♣❡M♠ ❛①♦♥❡♠❡ ❛❧K♦ ❞❡✈✐❛H❡K ❢M♦♠ ♦H❤❡M ❤❡①❛♣♦❞K✿ H❤❡ ♠✐❝M♦H✉❜✉❧✐ K❤♦✇ ✉♥✉K✉❛❧ ♣❛HH❡M♥K
✭❇❛❝❡HH✐ ❛♥❞ ❉❛❧❧❛✐✱ ✶✾✼✸❀ ❉❛❧❧❛✐ ❡H ❛❧✳✱ ✶✾✾✵✱ ✶✾✾✷❀ ❉❛❧❧❛✐✱ ✶✾✾✹❀ ❉❛❧❧❛✐ ❛♥❞ ❆❢③❡❧✐✉K✱ ✶✾✾✾❀ ▼❛❝❤✐❞❛
❡H ❛❧✳✱ ✷✵✵✷❀ ❉❛❧❧❛✐ ❡H ❛❧✳✱ ✷✵✶✵✮✳❚❤❡ ❛❜K❡♥❝❡ ♦❢ ♠❛♥② ❤❡①❛♣♦❞ ❞✐❛❣♥♦KH✐❝ ❝❤❛M❛❝H❡MK ❤❛K M❡♣❡❛H❛❜❧②
❜❡❡♥ ✉K❡❞ H♦ ❛M❣✉❡ ❛❣❛✐♥KH ❛♥ ✐♥❝❧✉K✐♦♥ ♦❢ M♦H✉M❛ ✐♥H♦ ❍❡①❛♣♦❞❛ ✭❚✉①❡♥✱ ✶✾✻✹✮✳
❉✐♣❧✉O❛ ❛M❡ K♠❛❧❧ ✐♥ K✐③❡ ❛♥❞ ❧✐✈❡ ✐♥ K♦✐❧✱ ❧❡❛❢ ❧✐HH❡M ❛♥❞ ❝♦♠♣♦KH ❤❡❛♣✳ ❆K ♣M♦H✉M❛♥K✱ H❤❡② ❧❛❝❦
♦♠♠❛H✐❞✐❛ ❛♥❞ ❝♦♠♣♦✉♥❞ ❡②❡K✳ ❚❤❡② ♣♦KK❡KK ♦♥❧② H❡♥ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥HK✱ ✐♥❝❧✉❞✐♥❣ ♦♥❡ ♣❛✐M ♦❢
KH②❧✐ ❛♥❞ ❡✈❡MK✐❜❧❡ ✈❡K✐❝❧❡K ♦♥ H❤❡ ✜MKH K❡✈❡♥ K❡❣♠❡♥HK ✭❡✳❣✳ ■❦❡❞❛ ❛♥❞ ▼❛❝❤✐❞❛✱ ✶✾✾✽❀ ❑❧❛KK ❛♥❞
❑M✐KH❡♥K❡♥✱ ✷✵✵✶✮✳ ❉✐♣❧✉M❛ ❛M❡ ❝❧❛KK✐✜❡❞ ✐♥H♦ ❈❛♠♣♦❞❡♦✐❞❡❛✱ ❏❛♣②❣♦✐❞❡❛ ❛♥❞ M♦❥❛♣②❣♦✐❞❡❛ ✭❛❣UK✱
✶✾✺✾✮✳ ❈❛♠♣♦❞❡♦✐❞❡❛ ❤❛✈❡ ♠✉❧H✐✲K❡❣♠❡♥H❡❞ ❝❡M❝✐ ❛♥❞ ❛M❡ ♦♠♥✐✈♦M♦✉K✳ ❏❛♣②❣♦✐❞❡❛ K❤♦✇ ✉♥K❡❣♠❡♥H❡❞
❢♦M❝✐♣❛H❡ ❝❡M❝✐ ❛♥❞ ❛M❡ ♣M❡❞❛H♦M② ✉K✐♥❣ H❤❡✐M ♠❛①✐❧❧❛❡ ♦M H❤❡✐M ❢♦M❝❡♣K H♦ ❝❛♣H✉M❡ ♣M❡②✳ ❚❤❡ ♠✐❝M♦H✉❜✉❧✐
♣❛HH❡M♥ ✐♥ K♣❡M♠ ❛①♦♥❡♠❡K ♦❢ ❈❛♠♣♦❞❡♦✐❞❡❛ M❡K❡♠❜❧❡K ■♥K❡❝H❛ N❡♥N✉ NMO✐❝M♦ ✭❏❛♠✐❡K♦♥ ❡H ❛❧✳✱ ✶✾✾✾✮✳
■♥ ❝♦♥HM❛KH✱ ❏❛♣②❣♦✐❞❡❛✱ K❤♦✇ ❛ K♣❡M♠ ❛①♦♥❡♠ ♠✐❝M♦H✉❜✉❧✐ ♣❛HH❡M♥ K✐♠✐❧❛M H♦ ♣M♦H✉M❛♥K ❛♥❞ K♣M✐♥❣H❛✐❧K✳
❆❧K♦ ♦✈❛M✐♦❧❡ KHM✉❝H✉M❡K ♦❢ ❈❛♠♣♦❞❡♦✐❞❡❛ ❞✐✛❡M ❢M♦♠ H❤♦K❡ ♦❢ ❏❛♣②❣♦✐❞❡❛✳ ❆ ♣♦KK✐❜❧❡ ♣❛M❛♣❤②❧② ♦❢
❞✐♣❧✉M❛♥K ✐K KH✐❧❧ ❞✐K❝✉KK❡❞✱ ❜✉H ❝♦♠♣M❡❤❡♥K✐✈❡ ❛♥❛❧②K❡K ♦❢ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M ❝❤❛M❛❝H❡MK
K✉♣♣♦MH ❛ ♠♦♥♦♣❤②❧② ♦❢ ❉✐♣❧✉M❛ ✭❡✳❣✳ ❑♦❝❤✱ ✶✾✾✼❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❋♦KK✐❧ M❡❝♦M❞
✐K ♣M❡K❡♥H✱ ❜✉H ✐HK ❛♣♣❧✐❝❛❜✐❧✐H② ✇❛K ♣✉H ✐♥H♦ Q✉❡KH✐♦♥ ❜❡❝❛✉K❡ ♦❢ H❤❡ ❧♦✇ Q✉❛❧✐H② ♦❢ ♣M❡K❡M✈❛H✐♦♥ ✭●M✐♠❛❧❞✐
❛♥❞ ❊♥❣❡❧✱ ✷✵✵✺❀ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✳
❈♦❧❧❡♠❜♦❧❛ ❢♦M♠ H❤❡ ♠♦KH K♣❡❝✐❡K✲M✐❝❤ ♦M❞❡M✳ ❚❤❡② ♦❢H❡♥ ❡①❤✐❜✐H ❡①HM❡♠❡❧② ❤✐❣❤ ♣♦♣✉❧❛H✐♦♥ ❞❡♥✲
K✐H✐❡K✱ ✇❤✐❝❤ ♠❛❦❡K H❤❡♠ H❤❡ ✇♦M❧❞K ♠♦KH ❛❜✉♥❞❛♥H ❤❡①❛♣♦❞K✳ ❙♣M✐♥❣H❛✐❧K ❛M❡ ❝♦K♠♦♣♦❧✐H❛♥K✳ ❚❤❡②
❤❛✈❡ ❛ H❡♠♣♦M❛❧ ♦M❣❛♥ ❛H H❤❡ ❜❛K❡ ♦❢ ♣M✐♠❛M② ❢♦✉M✲K❡❣♠❡♥H❡❞ ❛♥H❡♥♥❛❡ ✭♣♦KH❛♥H❡♥♥❛❧ ♦M❣❛♥✱ ❆❖✮✳
❙✉❝❤ ♦M❣❛♥K ❛M❡ ❦♥♦✇♥ ❢M♦♠ ♠②M✐❛♣♦❞ K②♠♣❤②❧❛♥K ❛♥❞ ❝❡♥H✐♣❡❞❡K ❛♥❞ ♠❛②❜❡ ♣M♦H✉M❛♥K ✭♣N❡✉❞♦✲
❝✉❧✐✮✱ ❜✉H K❡❡ ❚✉①❡♥ ✭✶✾✻✹✮✳ ❚❤❡ ❆❖ ♣M♦❜❛❜❧② ❢✉♥❝H✐♦♥K ❛K ❝❤❡♠♦✲ ♦M ❤②❣M♦M❡❝❡♣H♦M✳ ■♥ ❝♦♥HM❛KH
H♦ ❞✐♣❧✉M❛♥K ❛♥❞ ♣M♦H✉M❛♥K✱ ❝♦❧❧❡♠❜♦❧❛♥K K❤♦✇ ♠❛①✐♠❛❧❧② ❡✐❣❤H ♦♠♠❛H✐❞✐❛ ✭♣N❡✉❞♦❝❡❧❧✐✮✳ ❊①❝❡♣H ❢♦M
❙②♠♣❤②♣❧❡♦♥❛✱ ❈♦❧❧❡♠❜♦❧❛ ❧❛❝❦ HM❛❝❤❡❛❡✳ ❙♣M✐♥❣H❛✐❧K ❤❛✈❡ ✇❡❧❧ ❞❡✈❡❧♦♣❡❞ ❧❡❣K ✇✐H❤ ✜✈❡ ♣♦❞♦♠❡MK✿
✐♥KH❡❛❞ ♦❢ ❛ H✐❜✐❛ ❛♥❞ ❛ H❛MK✉K✱ H❤❡M❡ ✐K ❛ M✐❜✐♦M❛ON✉N ❚❤❡ ❛❜❞♦♠❡♥ ❤❛K K✐① K❡❣♠❡♥HK❀ H❤❡ ✜MKH K❡❣♠❡♥H
❝❛MM✐❡K H❤❡ ✈❡♥HM❛❧ H✉❜❡✱ ❛ ♠✉❧H✐✲❢✉♥❝H✐♦♥❛❧ ♦M❣❛♥ ❢♦M ♣❤②K✐♦❧♦❣✐❝❛❧ M❡❣✉❧❛H✐♦♥K✳ ❚❤❡ ♥❛♠❡ ✏❈♦❧❧❡♠✲
❜♦❧❛✑ ✭✏❦♦❧❛✑ ❣M✳✿ ❣❧✉❡ ❛♥❞ ✏❡♠❜♦❧♦♥✑ ❣M✳✿ ♣✐KH♦♥✱ ♣❡❣✮ M❡❢❡MK H♦ H❤✐K ✈❡♥HM❛❧ H✉❜❡ ✇❤✐❝❤ ❤❛K ❛❞❤❡K✐✈❡
♣M♦♣❡MH✐❡K✳ ❚❤❡ ♣M✐♠❛M② ❢✉♥❝H✐♦♥ ✐K ♠♦KH ❧✐❦❡❧② ❢♦M ❡①❝M❡H✐♦♥ ❛♥❞ ♠❛✐♥H❛✐♥✐♥❣ ✇❛H❡M ❜❛❧❛♥❝❡✳ ❚❤❡ H❤✐M❞
❛♥❞ ❢♦✉MH❤ ❛❜❞♦♠✐♥❛❧ K❡❣♠❡♥H ❝❛MM② H❤❡ O❡M✐♥❛❝✉❧✉♠ ❛♥❞ ❢✉O❝✉❧✉♠✳ ❚❤❡K❡ ✐♥H❡M❧♦❝❦✐♥❣ KHM✉❝H✉M❡K ❡♥✲
❛❜❧❡ H❤❡ K♣M✐♥❣H❛✐❧ ❛ ❤❛M❞❧② ❝♦♥HM♦❧❧❡❞ ❝❛H❛♣✉❧H ✐♥H♦ H❤❡ ❛✐M✱ ❛♥ ❡✛❡❝H✐✈❡ ♠❡❛♥K ♦❢ ❡K❝❛♣✐♥❣ ♣M❡❞❛H✐♦♥✳
❚❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❈♦❧❧❡♠❜♦❧❛ ▲✉❜❜♦❝❦ ✶✽✼✸ ✐K ❛❝❝❡♣H❡❞ ✭❍❡♥♥✐❣✱ ✶✾✺✸❀ ❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤✱ ✷✵✵✵✱
✷✵✵✹❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ ❢♦KK✐❧ ❘❤②♥✐❡❧❧❛ ♣O❛❡❝✉ON♦O
✭❍✐MKH✱ ✶✾✷✻✮✱ ❛ K♣M✐♥❣H❛✐❧ K✐♠✐❧❛M H♦ H❤❡ ❢❛♠✐❧② ■K♦H♦♠✐❞❛❡ ❢M♦♠ H❤❡ ❊❛M❧② ❉❡✈♦♥✐❛♥✱ ✐K ♦♥❡ ♦❢ H❤❡
✶✳✷✳ ❍❡①❛♣♦❞K ❛♥❞ H❤❡ M♦❧❡ ♦❢ ❛♣H❡M②❣♦H❡ ❧✐♥❡❛❣❡K ✼
♦❧❞❡KH ❞♦❝✉♠❡♥H❡❞ ❤❡①❛♣♦❞K ✭●M✐♠❛❧❞✐ ❛♥❞ ❊♥❣❡❧✱ ✷✵✵✺❀ ●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ❆♥❛❧②K❡K ♦❢ ♠✐H♦❝❤♦♥❞M✐❛❧
♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K K✉❣❣❡KH❡❞ H♦ ❡①❝❧✉❞❡ ❈♦❧❧❡♠❜♦❧❛ ❢M♦♠ ❤❡①❛♣♦❞K✳ ❈♦♥K❡Q✉❡♥H❧②✱ H❤❡ ♠♦♥♦♣❤②❧②
♦❢ ❍❡①❛♣♦❞❛ ❛♥❞ ❊♥H♦❣♥❛H❤❛ ✇❛K Q✉❡KH✐♦♥❡❞ ✭◆❛M❞✐ ❡H ❛❧✳✱ ✷✵✵✸❛✱❜❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✼✮✳
▼♦♥♦♣❤②❧② ♦❢ ❍❡①❛♣♦❞❛✱ ❊♥L♦❣♥❛L❤❛ ❛♥❞ P❡❧❛L✐♦♥N❤✐♣N ♦❢ ❛♣L❡P②❣♦L❡ ❧✐♥❡❛❣❡N
▼♦M♣❤♦❧♦❣✐❝❛❧ K✉♣♣♦MH ❢♦M ♠♦♥♦♣❤②❧❡H✐❝ ❍❡①❛♣♦❞❛ ✐K ✇❡❛❦ ✭K❡❡ ❑❧❛KK ❛♥❞ ❑M✐KH❡♥K❡♥✱ ✷✵✵✶❀ ❈❛M❛♣❡❧❧✐
❡H ❛❧✳✱ ✷✵✵✼❀ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽❀ ●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ❚❤❡ ♠♦KH ♦❜✈✐♦✉K ❛♣♦♠♦M♣❤② ✐K H❤❡ H❤M❡❡✲
H❛❣♠❛H❡❞ ❜♦❞② ♦M❣❛♥✐③❛H✐♦♥ ✐♥H♦ ❤❡❛❞✱ H❤❡ H❤M❡❡✲K❡❣♠❡♥H❡❞ H❤♦M❛① ✇✐H❤ H❤M❡❡ ♣❛✐MK ♦❢ ❧♦❝♦♠♦H♦M②
❧✐♠❜K ❛♥❞ H❤❡ ❛❜❞♦♠❡♥ ✇✐H❤ ❡❧❡✈❡♥ K❡❣♠❡♥HK✳ ❚❤❡ ❛❜❞♦♠❡♥ ❝❛MM✐❡K ❞✐✛❡M❡♥H ♥✉♠❜❡MK ♦❢ M✉❞✐♠❡♥H❛M②
❧✐♠❜K✳
❊①❝❡♣H ❢M♦♠ H❤❡ H❛❣♠❛H✐❝ ❜♦❞② ❛♥❞ H❤❡ ❤❡①❛♣♦❞②✱ ❊♥H♦❣♥❛H❤❛ ❞✐✛❡M ✐♥ ♠♦KH ❝❤❛M❛❝H❡MK ❢M♦♠
H❤✐K ✬❤❡①❛♣♦❞ ❣M♦✉♥❞ ♣❧❛♥✬ ✭❑❧❛KK ❛♥❞ ❑M✐KH❡♥K❡♥✱ ✷✵✵✶✮✳ ❋♦M ❡①❛♠♣❧❡✱ H❤❡ ♥✉♠❜❡M ♦❢ ❛❜❞♦♠✐♥❛❧
K❡❣♠❡♥HK ❞❡✈✐❛H❡K ✐♥ ❛❧❧ ❡♥H♦❣♥❛H❤♦✉K ♦M❞❡MK✳ ■♥KH❡❛❞ ♦❢ K✐①✱ ❈♦❧❧❡♠❜♦❧❛ ♦♥❧② ❤❛✈❡ ✜✈❡ ♣♦❞♦♠❡MK
✇✐H❤ ✐HK ❝❤❛M❛❝H❡M✐KH✐❝ M✐❜✐♦M❛ON✉N✳ ❆❜❞♦♠✐♥❛❧ ❛♣♣❡♥❞❛❣❡K ♦❢ ❈♦❧❧❡♠❜♦❧❛ ❞✐✛❡M ❢M♦♠ ♦H❤❡M ❤❡①❛♣♦❞K✳
M♦H✉M❛ ❛♥❞ ❉✐♣❧✉M❛ ❧❛❝❦ ❛♥② ♣✐❣♠❡♥H ❝❡❧❧K✱ ♦♠♠❛H✐❞✐❛ ❛♥❞ ❝♦♠♣♦✉♥❞ ❡②❡K ✭K❡❡ ❛❜♦✈❡✮✳ ❙♣❡M♠
❛①♦♥❡♠❡ KHM✉❝H✉M❡K ❢M♦♠ ♣M♦H✉M❛♥K ❛M❡ ❝♦♠♣❧❡H❡❧② ❛❜❡MM❛♥H ❢M♦♠ ♦H❤❡M ❤❡①❛♣♦❞K ✭❡✳❣✳ ▼❛❝❤✐❞❛✱ ✷✵✵✻❀
❉❛❧❧❛✐ ❡H ❛❧✳✱ ✷✵✶✵✮✳ ▼♦KH ♣M♦❜❧❡♠K ♦❝❝✉M ❜② H❤❡ Q✉❡KH✐♦♥ ❤♦✇ H♦ ♣♦❧❛M✐③❡ ❝❤❛M❛❝H❡M KH❛H❡K✱ ❡✐H❤❡M
❛K ♣♦KK✐❜❧❡ K②♥❛♣♦♠♦M♣❤✐❡K ♦M ♣❧❡K✐♦♠♦M♣❤✐❡K ✭K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✳ ❆ ❝♦MM❡❝H
❛KK✐❣♥♠❡♥H M❡Q✉✐M❡K ❦♥♦✇❧❡❞❣❡ ♦❢ H❤❡ K✐KH❡M ❣M♦✉♣✱ ❜✉H KH✐❧❧✱ H❤✐K Q✉❡KH✐♦♥ ❤❛K ♥♦H ❜❡❡♥ M❡K♦❧✈❡❞✳
❚❤❡ ♦♥❧② ♣M♦♣♦K❡❞ ✬❛❧H❡M♥❛H✐✈❡ ❤②♣♦H❤❡K✐K✬ H♦ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❍❡①❛♣♦❞❛ ✐K H❤❛H ✏❤❡①❛♣♦❞K ❛M❡ ♥♦H
♠♦♥♦♣❤②❧❡H✐❝✑ ✭❡✳❣✳ ◆❛M❞✐ ❡H ❛❧✳✱ ✷✵✵✸❛✱❜❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✼✮✳ ❚❤✐K ♥❡❣❛H✐♦♥✱ ❤♦✇❡✈❡M✱ ❧❛❝❦K
❝♦♥✈✐♥❝✐♥❣ ❛M❣✉♠❡♥HK ✭K❡❡ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✳
❆♣❛MH ❢M♦♠ H❤❡ K♣❛MK❡ ❛✈❛✐❧❛❜✐❧✐H② ♦❢ ♠♦❧❡❝✉❧❛M ❞❛H❛✱ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K ♣M♦✈✐❞❡ ❝♦♥HM❛❞✐❝H✐♥❣ M❡K✉❧HK
❝♦♥❝❡M♥✐♥❣ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❍❡①❛♣♦❞❛✳ ❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③ ✭✶✾✾✺✱ ✷✵✵✶✮ ❛♥❞ ●✐M✐❜❡H ❡H ❛❧✳ ✭✷✵✵✶✮
♦❜H❛✐♥❡❞ ❍❡①❛♣♦❞❛ ✇✐H❤ ♠♦❞❡M❛H❡ K✉♣♣♦MH✳ ▼♦KH ❝♦♥HM❛❞✐❝H✐♦♥K ❛M♦K❡ ❢M♦♠ ❛♥❛❧②K❡K ♦❢ ♠✐H♦❝❤♦♥❞M✐❛❧
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❝♦♥❞✐H✐♦♥ ✇❛K ❞✐K❝✉KK❡❞ ❛K ❤♦♠♦♣❧❛K②❀ ❉✐♣❧✉M❛ ♠✐❣❤H ❤❛✈❡ ✐♥❞❡♣❡♥❞❡♥H❧② ❛❝Q✉✐M❡❞ H❤✐K ❢❡❛H✉M❡ ❛K✲
K♦❝✐❛H❡❞ ✇✐H❤ H❤❡ ❡♥H♦❣♥❛H❤♦✉K ♣❡❝✉❧✐❛M ❢❡❡❞✐♥❣ ❜❡❤❛✈✐♦M ✭K❡❡ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✻✮✳ ❙③✉❝K✐❝❤ ❛♥❞
❛KK ✭✷✵✵✽✮ ❛❧H❡M♥❛H✐✈❡❧② ❞✐K❝✉KK❡❞ H❤❡ ❡♥H♦❣♥❛H❤♦✉K ❝♦♥❞✐H✐♦♥ ❛K ❛ ♣❧❡K✐♦♠♦M♣❤✐❝ KH❛H❡ ❛♥❞ K❤♦✇❡❞
H❤❛H ❛♥❛❧②K❡K ♦❢ ❝❤❛M❛❝H❡M K❡HK ❝❛♥ M❡K✉❧H ✐♥ ❝♦♥HM❛❞✐❝H✐♥❣ ❤②♣♦H❤❡K❡K✳ ❖M❛❧ ❢♦❧❞K ❛M❡ ❛❧K♦ ♣M❡K❡♥H ✐♥
❆M❝❤❛❡♦❣♥❛H❤❛ ❛♥❞ ❚O✐❝❤♦❧❡♣✐❞❡♦♥ ✭❙H❛♥✐❝③❡❦✱ ✷✵✵✵✮✱ ❜✉H ✈❡M② K❤♦MH✲❢♦M♠❡❞✳ ❚❤✐K ❤❛K ❜❡❡♥ ❡✐H❤❡M
✐♥H❡M♣M❡H❡❞ ❛K ✬♣K❡✉❞♦✲❡♥H♦❣♥❛H❤②✬ ♦M ❛K ❛ ♣❧❡K✐♦♠♦M♣❤✐❝ KH❛H❡ ♦❢ ❤❡①❛♣♦❞K✳ ❊♠❜M②♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K
❝♦♥❝❡M♥✐♥❣ H❤❡ ❡♥H♦❣♥❛H❤② ❛M❡ ❦♥♦✇♥ ❜❡H✇❡❡♥ ❞✐♣❧✉M❛♥K ❛♥❞ ❝♦❧❧❡♠❜♦❧❛♥K✱ ❜✉H ②❡H✱ ♥♦H❤✐♥❣ ✐K ❦♥♦✇♥
❢M♦♠ ♣M♦H✉M❛♥K✳ ❍♦✇❡✈❡M✱ ✐❢ H❤♦K❡ ❝❤❛M❛❝❡MK ❛M❡ ✐♥ ❣❡♥❡M❛❧ ✉K❡❢✉❧❧ ❢♦M ❤♦♠♦❧♦❣② ❤❛K H♦ ❜❡ ♦✉H ✐♥ Q✉❡K✲
H✐♦♥✳ ❤✐❧❡ H❤❡ ❡♥H♦❣♥❛H❤♦✉K ❝♦♥❞✐H✐♦♥ ♣❡O N❡ ❛K ❛ K②♥❛♣♦♠♦M♣❤✐❝ ❝❤❛M❛❝H❡M ❤❛K ❛❧K♦ ❜❡❡♥ Q✉❡KH✐♦♥❡❞✱
H❤❡ ❧✐♥❡❛ ✈❡♥MO❛❧✐N ❛♥❞ ✐HK ❡✈♦❧✉H✐♦♥❛M② ♦M✐❣✐♥ ✐K ♣M♦❜❛❜❧② H❤❡ ♦♥❧② ♣♦K✐H✐✈❡ K②♥❛♣♦♠♦M♣❤② ♦❢ M♦H✉M❛
❛♥❞ ❈♦❧❧❡♠❜♦❧❛ ✭❑❧❛KK ❛♥❞ ❑M✐KH❡♥K❡♥✱ ✷✵✵✶❀ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✳
▼❛✐♥❧② M❡❞✉❝❡❞ ♦M ❛❜K❡♥H ❝❤❛M❛❝H❡MK ❛❧K♦ Q✉❡KH✐♦♥❡❞ H❤❡ ✈❛❧✐❞✐H② ♦❢ ❊♥H♦❣♥❛H❤❛✱ ❢♦M ❡①❛♠♣❧❡ ✬M❡❞✉❝❡❞✬
♦♠♠❛H✐❞✐❛ ❛♥❞ ❝♦♠♣♦✉♥❞ ❡②❡K✱ ✬M❡❞✉❝❡❞✬ ♠❛❧♣✐❣❤✐❛♥ H✉❜✉❧❡K ♦M H❤❡ ✬M❡❞✉❝❡❞✬ ❛❜❞♦♠❡♥✳ ❍♦✇❡✈❡M✱
❝❤❛M❛❝H❡M ❛❜K❡♥❝❡ ❞❡❧✐✈❡MK ♦♥❧② ✇❡❛❦ ❛M❣✉♠❡♥HK ❢♦M K②♥❛♣♦♠♦M♣❤② ♦M K②♠♣❧❡K✐♦♠♦M♣❤② KH❛H❡♠❡♥HK
✭K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✳ ❤❡♥ ❛ ♣❛HH❡M♥ ♦❢ ♣M❡K❡♥H ❛♥❞ ❛❜K❡♥H ❝❤❛M❛❝H❡MK ❝❛♥ ❜❡
M❡❝♦❣♥✐③❡❞✱ H❤✐K ♠✐❣❤H ❜❡ ❛❣❛✐♥ ♠♦M❡ ✉K❡❢✉❧ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ KH❛H❡♠❡♥HK✳
❘❡❞✉❝❡❞ ❡②❡K ❛K ♣♦KK✐❜❧❡ K②♥❛♣♦♠♦M♣❤② ♦❢ ❊❧❧✐♣✉M❛ ❝❛♥ ❜❡ ❝♦♥K✐❞❡M❡❞ ❛K ❛ ✇❡❛❦ ❛M❣✉♠❡♥H✱ ❜❡❝❛✉K❡
♦♠♠❛H✐❞✐❛ ❛♥❞ ❝♦♠♣♦✉♥❞ ❡②❡K ❛M❡ ❝♦♠♣❧❡H❡❧② ❛❜K❡♥H ✐♥ M♦H✉M❛✳ ❚❤❡ H❡M♠ ✏◆♦♥♦❝✉❧❛H❛✑ ✐K ❞❡M✐✈❡❞
❢M♦♠ H❤❡ ❛❜K❡♥❝❡ ♦❢ ❡②❡K ✐♥ ❜♦H❤ M♦H✉M❛ ❛♥❞ ❉✐♣❧✉M❛✳ ❋M♦♠ ❛ ♠♦M♣❤♦❧♦❣✐❝❛❧ ✈✐❡✇✱ H❤❡ ❛❜K❡♥❝❡ ♦❢
✶✳✷✳ ❍❡①❛♣♦❞K ❛♥❞ H❤❡ M♦❧❡ ♦❢ ❛♣H❡M②❣♦H❡ ❧✐♥❡❛❣❡K ✾
❡②❡K ❛♥❞ ♦♠♠❛H✐❞✐❛ ✇❛K ❞✐K❝✉KK❡❞ ❛K ♦♥❧② ❦♥♦✇♥ K②♥❛♣♦♠♦M♣❤② ✭❝❤❛M❛❝H❡M ♣♦❧❛M✐H②✿ ❧♦KK ♦❢ ❡②❡K✮✳
❙③✉❝K✐❝❤ ❛♥❞ ❛KK ✭✷✵✵✽✮ KH❛H❡ K❡✈❡M❛❧ ✉♥❝❡MH❛✐♥H✐❡K ❛❜♦✉H H❤❡ ❛♣♣M♦♣M✐❛H❡♥❡KK ♦❢ H❤✐K ❝❤❛M❛❝H❡M✿ ❛
❧♦KK ❛K ❝♦♠♠♦♥ ♦M✐❣✐♥ ❝♦♥✢✐❝HK ✇✐H❤ H❤❡ ❞✐♣❧✉M❛♥ ❢♦KK✐❧ ❚❡NM❛❥❛♣②① ✭❑✉❦❛❧♦✈}✲❡❝❦✱ ✶✾✽✼✮ ✭K❡❡ ❜❡❧♦✇✮✳
❙❡❝♦♥❞❧②✱ H❤❡ ❧♦KK ♦❢ ❡②❡K M❡✈❡❛❧K ❛ ❤✐❣❤ ♣M♦❜❛❜✐❧✐H② ♦❢ ❤♦♠♦♣❧❛K②✳ ✐H❤✐♥ ❛MH❤M♦♣♦❞K ❡②❡K ❤❛✈❡ ❜❡❡♥
✐♥❞❡♣❡♥❞❡♥H❧② ❧♦KH ♠❛♥② H✐♠❡K✳ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK ✭✷✵✵✽✮ ♣♦✐♥H ♦✉H ✏❛ ✈❡♥HM✐❝❛❧ ❛MH✐❝✉❧❛H✐♦♥ ♦❢ H❤❡ ❝♦①❛
✇✐H❤ H❤❡ KH❡M♥✐H❡ ♦❢ H❤❡ M❡K♣❡❝H✐✈❡ ❜♦❞② K❡❣♠❡♥H✑ ❛K ❛ ♣♦KK✐❜❧❡ K②♥❛♣♦♠♦M♣❤②✱ ❜✉H ✐♥❞✐❝❛H❡ ♣M♦❜❧❡♠K
✇✐H❤ H❤✐K ❝❤❛M❛❝H❡M✳ ◆♦♥♦❝✉❧❛H❛ ✐K ♥♦H ❢✉MH❤❡M K✉♣♣♦MH❡❞ ❜② ♠♦M♣❤♦❧♦❣✐❝❛❧ ♦M ❞❡✈❡❧♦♣♠❡♥H❛❧ M❡❝♦♥✲
KHM✉❝H✐♦♥K✳ ■♥ ❝♦♠❜✐♥❡❞ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M ✏H♦H❛❧ ❡✈✐❞❡♥❝❡✑ ❛♥❛❧②K❡K✱ ●✐M✐❜❡H ❡H ❛❧✳ ✭✷✵✵✹✮
♣M♦♣♦K❡❞ ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ◆♦♥♦❝✉❧❛H❛ ✰ ❙②♠♣❤②❧❛ ✇✐H❤✐♥ ♣♦❧②♣❤②❧❡H✐❝ ❤❡①❛♣♦❞K✳ ❍♦✇❡✈❡M✱
◆♦♥♦❝✉❧❛H❛ ❤❛✈❡ ❜❡❡♥ M❡❝♦✈❡M❡❞ ✉♥❡Q✉✐✈♦❝❛❧❧②✱ ♠♦KH❧② ✐♥ ♠♦❧❡❝✉❧❛M ✭M❘◆❆✮ ❛♥❛❧②K❡K ✭❤❡❡❧❡M ❡H ❛❧✳✱
✷✵✵✶❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹✱ ✷✵✵✺❀ ❑❥❡M✱ ✷✵✵✹❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✺❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞
●✐M✐❜❡H✱ ✷✵✵✻❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✱ ❡H❝✳✮✱
❝❤❛❧❧❡♥❣✐♥❣ H❤❡ HM❛❞✐H✐♦♥❛❧ ❊❧❧✐♣✉M❛ ✕ ❝♦♥❝❡♣H✳ ■♥ H❤❡K❡ KH✉❞✐❡K✱ ❍❡①❛♣♦❞❛ ❛M❡ KHM♦♥❣❧② K✉♣♣♦MH❡❞ ❛♥❞
❊♥H♦❣♥❛H❤❛ K❤♦✇ ♠♦❞❡M❛H❡ K✉♣♣♦MH✳ ❈♦❧❧❡♠❜♦❧❛ ❛M❡ ♠♦KH❧② ✐♥❢❡MM❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦ ◆♦♥♦❝✉❧❛H❛✳
❍♦✇❡✈❡M✱ H❤❡ ❝❧❛❞❡ ◆♦♥♦❝✉❧❛H❛ ✐K ❞✐K❝✉KK❡❞ ❛K ❛ M❡K✉❧H ♦❢ K②KH❡♠❛H✐❝ ❜✐❛K ✭▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹✱
✷✵✵✺❀ ❑❥❡M✱ ✷✵✵✹❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✺❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀
●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❆♥❛❧②K❡K ♦❢ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳
✭✷✵✵✾✮ K❤♦✇ ❛❧K♦ KHM♦♥❣ K✉♣♣♦MH ❢♦M ◆♦♥♦❝✉❧❛H❛ ✭K❡❡ ❝❤❛♣H❡M ✸✮✿ K✐♥❝❡ ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ✇❡M❡
✐♥❝❧✉❞❡❞ ✐♥ H❤❡ ♠♦❞❡❧✐♥❣ ❛♣♣M♦❛❝❤✱ ✐H ✐K K✉❣❣❡KH❡❞ H❤❛H K②KH❡♠❛H✐❝ ❜✐❛K ❝❛✉K❡❞ ❜② ❝♦♠♣♦K✐H✐♦♥❛❧ ❜❛K❡
❤❡H❡M♦❣❡♥❡✐H② ❝❛♥ ❜❡ ❡①❝❧✉❞❡❞ ❢♦M H❤✐K H❛①♦♥✳
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♠♦M❡♦✈❡M✱ ❊♥H♦❣♥❛H❤❛ ❛♥❞ ❍❡①❛♣♦❞❛ ✭❉❛❧❧❛✐✱ ✶✾✾✶❀ ❉❛❧❧❛✐ ❛♥❞ ❆❢③❡❧✐✉K✱ ✶✾✾✾❀ ▼❛❝❤✐❞❛✱ ✷✵✵✻❀ ❉❛❧❧❛✐
❡H ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡ ♠✐❝M♦H✉❜✉❧✐ ♣❛HH❡M♥ ♦❢ H❤❡ K♣❡M♠ ❛①♦♥❡♠❡ ❞✐✛❡MK ✇✐H❤✐♥ ♣M♦H✉M❛♥K ❛♥❞ ✇✐H❤✐♥
❞✐♣❧✉M❛♥K✳ ❈♦♥K✐❞❡M✐♥❣ ❉✐♣❧✉M❛✱ K❡✈❡M❛❧ ❛✉H❤♦MK ♣♦✐♥H ♦✉H ❛ M❡K❡♠❜❧❛♥❝❡ ♦❢ H❤❡ ❞✐♣❧✉M❛♥ ✢❛❣❡❧❧✉♠ H♦
❊❝H♦❣♥❛H❤❛✿ H❤❡ ♣❛HH❡M♥ ♦❢ H❤❡ ❝❡♥HM❛❧ ♠✐❝M♦H✉❜✉❧✐ K❤♦✇K ❛♥ ❛❞❞✐H✐♦♥❛❧ M✐♥❣ ✭✾✰✾✰✷✮ ✭❑❧❛KK✱ ✷✵✵✼❀
❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✱ M❡❢❡MM✐♥❣ H♦ ❏❛♠✐❡K♦♥ ✭✶✾✽✼✮✮✳ ❏❛♠✐❡K♦♥ ✭✶✾✽✼✮ ♦♥❧② ♦❜K❡M✈❡❞ H❤✐K ❢♦M
❈❛♠♣♦❞❡♦✐❞❡❛ ✇❤✐❧❡ ❏❛♣②❣♦✐❞❡❛ K❤♦✇ ❛ ❝♦❧❧❡♠❜♦❧❛♥✲❧✐❦❡ KHM✉❝H✉M❡ ✭✾✰✷✱ ❏❛♠✐❡K♦♥✱ ✶✾✽✼❀ ❏❛♠✐❡K♦♥
❡H ❛❧✳✱ ✶✾✾✾✮✳ ❖♥ H❤❡ ♦H❤❡M ❤❛♥❞✱ ❈❛♠♣♦❞❡♦✐❞❡❛ ✇❡M❡ ♣M♦♣♦K❡❞ H♦ ❜❡ ❝❧♦K❡M M❡❧❛H❡❞ H♦ ❊❧❧✐♣✉M❛✿ ❈❛♠✲
♣♦❞❡♦✐❞❡❛ K❤♦✇ ♥♦♥✲♠❡H❛♠❡M✐❝✱ K❛❝✲❧✐❦❡ ♦✈❛M✐❡K ✭✟❙H②K ❛♥❞ ❇✐❧✐♥K❦✐✱ ✶✾✾✵❀ ✟❙H②K ❡H ❛❧✳✱ ✶✾✾✸❀ ❇✐❧✐♥K❦✐✱
✶✾✾✹❀ ✟❙H②K ❛♥❞ M③❛✈l✱ ✶✾✾✹✮✳ ■♥ ❝♦♥HM❛KH✱ ❏❛♣②❣♦✐❞❡❛ K❤♦✇ ❛ ♠❡H❛♠❡M✐❝ ❛MM❛♥❣❡♠❡♥H ♦❢ ♦✈❛M✐✲
♦❧❡K ✭✟❙H②K ❡H ❛❧✳✱ ✶✾✾✸✮ ❧✐❦❡ ❊❝H♦❣♥❛H❤❛✱ ✇❤✐❝❤ ✇❛K ♣M♦♣♦K❡❞ ❛K ❛ ♣♦H❡♥H✐❛❧ K②♥❛♣♦♠♦M♣❤② ✭❇✐❧✐♥K❦✐✱
✶✾✾✹✮✳ ❚❤❡ ❣❡♥✐H❛❧ ❝❤❛M❛❝H❡M ❝♦♠♣❧❡①❡K✱ H❛❦❡♥ ❛K ♣♦KK✐❜❧❡ K②♥❛♣♦♠♦M♣❤②✱ M❡❥❡❝H ❜♦H❤ ❉✐♣❧✉M❛ ❛♥❞
❊♥H♦❣♥❛H❤❛✳ ❋M♦♠ ❛♥ ❡♠❜M②♦❧♦❣✐❝❛❧ ♣❡MK♣❡❝H✐✈❡✱ ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❉✐♣❧✉M❛ ✰ ❊❝H♦❣♥❛H❤❛
✐K K✉♣♣♦MH❡❞✳ ❇♦H❤ ❤❛✈❡ ❛ K❡❝♦♥❞❛M② ♠❡♠❜M❛♥❡ ✭❛♠♥✐♦♥✮✳ M♦H✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛ ♦♥❧② ♣♦KK❡KK ❛
N❡O♦N❛✳ ■♥ ❝♦♥HM❛KH H♦ ♦H❤❡M ❤❡①❛♣♦❞K✱ H❤❡ ♣M♦H✉M❛♥ N❡O♦N❛ ❞✐✛❡M❡♥H✐❛H❡K ✐♥H♦ H❤❡ ❞♦MK❛❧ ❜♦❞② ✇❛❧❧
✭▼❛❝❤✐❞❛✱ ✷✵✵✻✮✳ ❚❤❡ N❡O♦N❛ ✐♥ ❈♦❧❧❡♠❜♦❧❛✱ ❉✐♣❧✉M❛ ❛♥❞ ❊❝H♦❣♥❛H❤❛ ♠✐❣❤H ❤❛✈❡ ❧♦KH ✐HK ❢✉♥❝H✐♦♥
✭▼❛❝❤✐❞❛ ❡H ❛❧✳✱ ✷✵✵✷❀ ▼❛❝❤✐❞❛✱ ✷✵✵✻✮✳ ▼❛❝❤✐❞❛ ✭✷✵✵✻✮ ❝❛✉H✐♦✉K❧② K✉❣❣❡KH❡❞ H♦ ❡①❝❧✉❞❡ ♣M♦H✉M❛♥K
❢M♦♠ ❤❡①❛♣♦❞K✳ ❖♥ H❤❡ ♦H❤❡M ❤❛♥❞✱ H❤❡ ❛✈❛✐❧❛❜✐❧✐H② ♦❢ ♣M♦H✉M❛♥ ❡♠❜M②♦❧♦❣✐❝❛❧ ❞❛H❛ ✐K KH✐❧❧ H♦♦ K♣❛MK❡ ❢♦M
❛♥② ❝♦♥❝❧✉K✐♦♥ ✭▼❛❝❤✐❞❛✱ ✷✵✵✻✮✳ ❚❤❡ N❡O♦N❛ ✐K ❛❧K♦ ♣M❡K❡♥H ✐♥ ♠②M✐❛♣♦❞K ❛♥❞ ❝M✉KH❛❝❡❛♥K ✇❤❡M❡❢♦M❡
H❤❡ ✐♥H❡M♣M❡H❛H✐♦♥ ♦❢ H❤✐K ❝❤❛M❛❝H❡M ❛K ❛ ♣❧❡K✐♦♠♦M♣❤② M❡♠❛✐♥K ♣♦KK✐❜❧❡✳
▼♦♥♦♣❤②❧② ♦❢ ❡♥L♦❣♥❛L❤♦✉N ♦P❞❡PN
❚❤❡ ♠♦♥♦♣❤②❧② ♦❢ M♦H✉M❛ ❛♥❞ ♦❢ ❈♦❧❧❡♠❜♦❧❛ ✐K ✇✐❞❡❧② ❛❝❝❡♣H❡❞✳ ■♥ ❝♦♥HM❛KH✱ H❤❡ ♠♦♥♦♣❤②❧② ♦❢
❉✐♣❧✉M❛ ✇❛K K❡M✐♦✉K❧② Q✉❡KH✐♦♥❡❞ ❜❛K❡❞ ♦♥ ❝♦♠♣❛M❛H✐✈❡ ❣❡♥✐H❛❧ KHM✉❝H✉M❡ KH✉❞✐❡K ✭K❡❡ ❛❜♦✈❡✱ ❏❛♠✐❡K♦♥✱
✶✾✽✼❀ ❏❛♠✐❡K♦♥ ❡H ❛❧✳✱ ✶✾✾✾❀ ✟❙H②K ❛♥❞ ❇✐❧✐♥K❦✐✱ ✶✾✾✵❀ ✟❙H②K ❡H ❛❧✳✱ ✶✾✾✸❀ ❇✐❧✐♥K❦✐✱ ✶✾✾✹❀ ✟❙H②K ❛♥❞ M③❛✈l✱
✶✾✾✹✮✳ ❍♦✇❡✈❡M✱ ❑♦❝❤ ✭✶✾✾✼✮ ❛M❣✉❡❞ H❤❛H ❡♥H♦❣♥❛H❤♦✉K ❝♦♥❞✐H✐♦♥K ♦❢ ❈❛♠♣♦❞❡♦✐❞❡❛ ❛♥❞ ❏❛♣②❣♦✐❞❡❛
✶✳✸✳ ❆✐♠ ❛♥❞ ❝♦✉MK❡ ♦❢ H❤✐K KH✉❞② ✶✶
♣M♦✈✐❞❡❞ ❡♥♦✉❣❤ ❡✈✐❞❡♥❝❡ ❢♦M H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❉✐♣❧✉M❛✱ ❜❡❝❛✉K❡ H❤❡ ❢♦M♠ ♦❢ ❡♥H♦❣♥❛H❤② ✐K ♠✉❝❤ ♠♦M❡
K✐♠✐❧❛M ❝♦♠♣❛M❡❞ ✇✐H❤ M♦H✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛✳ ❖H❤❡M ♠♦M♣❤♦❧♦❣✐❝❛❧ KH✉❞✐❡K ♦❜H❛✐♥❡❞ ❝♦♥HM❛❞✐❝H✐♥❣
M❡K✉❧HK ✭❡✳❣✳ ❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤✱ ✷✵✵✵✱ ✷✵✵✹❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✹✮✳ ❖♥❧② ❢❡✇ KH✉❞✐❡K ✐♥❝❧✉❞❡❞ ❛❧❧
❞✐♣❧✉M❛♥ K✉❜❣M♦✉♣K✳ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK ✭✷✵✵✽✮ M❡✲❛♥❛❧②③❡❞ H❤❡ ❞✐♣❧✉M❛♥ ❧❡❣ ❛MH✐❝✉❧❛H✐♦♥ ❛♥❞ ♠✉K❝❧❡K
✭▼❛♥H♦♥✱ ✶✾✼✼✮ ✇✐H❤ H❤❡ ✐♥❝❧✉K✐♦♥ ♦❢ M♦❥❛♣②❣♦✐❞❡❛✳ ❚❤❡② ♣♦✐♥H❡❞ H♦✇❛M❞K ❛ ❝❛✉H✐♦✉K ✐♥H❡M♣M❡H❛H✐♦♥ ♦❢
♠❛♥② ♠♦M♣❤♦❧♦❣✐❝❛❧ ♦M ❞❡✈❡❧♦♣♠❡♥H❛❧ ❝❤❛M❛❝H❡MK ❛♥❞ K✉❣❣❡KH❡❞ ❝♦♠♣❛M❛H✐✈❡ M❡❛♥❛❧②K❡K ✇✐H❤ ♠♦❞❡M♥
♠❡H❤♦❞K✳ K✐♥❣ ❞❛H❛ ❢M♦♠ ❧✐H❡M❛H✉M❡ ♦♥❧② ❜❡❛MK H❤❡ ❞❛♥❣❡M ♦❢ ♠✐KK✐♥❣ ❛♥❞ ♠✐K✐♥H❡M♣M❡H✐♥❣ ❝❤❛M❛❝H❡MK✳
❋M♦♠ ❛ ♠♦❧❡❝✉❧❛M ♣❡MK♣❡❝H✐✈❡✱ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❡♥H♦❣♥❛H❤♦✉K ♦M❞❡MK ✇❛K ♥♦H ❝❤❛❧❧❡♥❣❡❞✳ ❊✈❡♥
❞✐♣❧✉M❛♥K ✇❡M❡ M❡❝♦✈❡M❡❞ ♠♦♥♦♣❤②❧❡H✐❝✱ ♠♦KH❧② ✇✐H❤ KHM♦♥❣ K✉♣♣♦MH ✭❡✳❣✳ ❤❡❡❧❡M ❡H ❛❧✳✱ ✷✵✵✶❀ ❑❥❡M✱
✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ●❛♦ ❡H ❛❧✳✱
✷✵✵✽❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✮✳ ■♥ ❝♦♥HM❛KH✱ ♦M❞❡M ✐♥H❡M♥❛❧ M❡❧❛H✐♦♥K❤✐♣K ❤❛✈❡ ❜❡❡♥ ✕ ❛♥❞ ❛M❡ KH✐❧❧ ✕ ❤✐❣❤❧②
❞✐K❝✉KK❡❞✱ ❢♦M ❡①❛♠♣❧❡ H❤❡ ♣♦K✐H✐♦♥ ♦❢ H❤❡ M♦❥❛♣②❣✐❞❛❡✱ ❛ K✉❜❣M♦✉♣ ♦❢ ❉✐♣❧✉M❛✱ ❛♥❞ M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥
❈♦❧❧❡♠❜♦❧❛✳
❆❧H♦❣❡H❤❡M✱ ❛❧❧ ♥♦♥✲♠♦❧❡❝✉❧❛M KH✉❞✐❡K ❞♦ ♥❡✐H❤❡M KHM♦♥❣❧② K✉♣♣♦MH ❊❧❧✐♣✉M❛✱ ♥♦M ◆♦♥♦❝✉❧❛H❛✱ ♥♦M ❉✐♣❧✉M❛
✰ ❊❝H♦❣♥❛H❤❛✳ ❈♦♥HM❛❞✐❝H✐♦♥K ❜❡H✇❡❡♥ KH✉❞✐❡K K❤♦✇ H❤❛H ❛♣♣M♦♣M✐❛H❡ ❝M✐H❡M✐❛ ❢♦M ❤♦♠♦❧♦❣✐③❛H✐♦♥
❛M❡ ♠✐KK✐♥❣✳ ❈✉MM❡♥H❧②✱ ✇❡ ❞♦ ♥♦H ❤❛✈❡ ❛ ❝❧❡❛M ♣✐❝H✉M❡ ❢M♦♠ ♠♦M♣❤♦❧♦❣✐❝❛❧✱ ❞❡✈❡❧♦♣♠❡♥H❛❧ ❛♥❞
♥❡✉M♦❛♥❛H♦♠✐❝❛❧ KH✉❞✐❡K✱ ♥❡✐H❤❡M ♦❢ H❤❡ ♠❛❥♦M ❡✉❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K✱ ♥♦M ♦❢ H❤❡ ♠♦♥♦♣❤②❧② ♦❢
❤❡①❛♣♦❞K✱ ✐HK ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ ❛♥❞✱ ❡K♣❡❝✐❛❧❧②✱ ♥♦H ♦❢ M❡❧❛H✐♦♥K❤✐♣K ❛♠♦♥❣ ❜❛K❛❧ ❤❡①❛♣♦❞ K♣❧✐HK✳
✐H❤ M❡K♣❡❝H H♦ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✱ H❤❡M❡ ✐K ♥♦ ❝❧❡❛M K✉♣♣♦MH ❢♦M ❍❡①❛♣♦❞❛ ♦M ❊♥H♦❣♥❛H❤❛ ✭●✐M✐❜❡H
❡H ❛❧✳✱ ✷✵✵✶❀ ❤❡❡❧❡M ❡H ❛❧✳✱ ✷✵✵✶❀ ❉✬❍❛❡K❡✱ ✷✵✵✷❜❀ ◆❛M❞✐ ❡H ❛❧✳✱ ✷✵✵✸❛❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✹❀ ❈❛M❛♣❡❧❧✐
❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✼✮✳ ❉✐♣❧✉M❛ ✰ ❊❝H♦❣♥❛H❤❛ ❤❛K ♥♦H ❜❡❡♥ M❡❝♦✈❡M❡❞✳ ▼♦KH ❛♥❛❧②K❡K KHM♦♥❣❧② K✉♣♣♦MH
◆♦♥♦❝✉❧❛H❛ ✭❡✳❣✳ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹✱ ✷✵✵✺❀ ❑❥❡M✱ ✷✵✵✹❀ ❑❥❡M ❡H ❛❧✳✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱
✷✵✵✻❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH
❡H ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡M✱ ❢M❡Q✉❡♥H❧② ♦❜K❡M✈❡❞ ♣❤❡♥♦♠❡♥❛✱ ❢♦M ❡①❛♠♣❧❡ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✇✐H❤✐♥ ❞❛H❛ K❡HK✱
❤❛✈❡ ❜❡❡♥ ✐❣♥♦M❡❞ ♦M ❤❛♥❞❧❡❞ ❜② ❡①❝❧✉K✐♦♥ ♦❢ H❛①❛✳
✶✳✸✳ ❆✐♠ ❛♥❞ ❝♦✉@>❡ ♦❢ <❤✐> ><✉❞②
❙✉♣♣♦MH ❢♦M H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❍❡①❛♣♦❞❛✱ ❊♥H♦❣♥❛H❤❛✱ ❊❧❧✐♣✉M❛ ♦M ◆♦♥♦❝✉❧❛H❛ ❛♥❞ ❛ ♣M♦♣♦K❡❞ K✐KH❡M
❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❉✐♣❧✉M❛ ❛♥❞ ❊❝H♦❣♥❛H❤❛ ✐K ✇❡❛❦✳ ❋M♦♠ ❛ ♠♦❧❡❝✉❧❛M ♣❡MK♣❡❝H✐✈❡✱ H❤❡ ♠♦♥♦♣❤②❧②
♦❢ ❍❡①❛♣♦❞❛ ❛♥❞ ❊♥H♦❣♥❛H❤❛ ❤❛K K❡M✐♦✉K❧② ❜❡❡♥ ♣✉H ✐♥H♦ Q✉❡KH✐♦♥✳ ❚❤❡ ♦❜K❡M✈❡❞ KHM♦♥❣ K✉♣♣♦MH ❢♦M
◆♦♥♦❝✉❧❛H❛ ❤❛K ❜❡❡♥ ❞❡❜❛H❡❞ ❛K ❛ M❡K✉❧H ♦❢ K②KH❡♠❛H✐❝ ❜✐❛K✳ ❘❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥ M♦H✉M❛✱ ❉✐♣❧✉M❛ ❛♥❞
❈♦❧❧❡♠❜♦❧❛ ❛M❡ ✉♥M❡K♦❧✈❡❞✳ ▼♦M❡♦✈❡M✱ ♠❛❥♦M ❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ❛M❡ ♥♦H M❡K♦❧✈❡❞✿ H❤❡ ♣❧❛❝❡♠❡♥H
♦❢ ♠②M✐❛♣♦❞K ✐K ✉♥❝❧❡❛M✱ ❛♥❞ H❤❡M❡ ✐K ♥♦ ❝♦♥K❡♥K✉K ❝♦♥❝❡M♥✐♥❣ H❤❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K✳ M❡K❡♥H
♠♦❧❡❝✉❧❛M ❞❛H❛ ❝♦✈❡M✐♥❣ ❛❧❧ ❡♥H♦❣♥❛H❤♦✉K ♦M❞❡MK ❛M❡ ♠❛✐♥❧② M❡KHM✐❝H❡❞ H♦ M❘◆❆ ❣❡♥❡K✳ ❆ ♣❤②❧♦❣❡♥♦♠✐❝
❛♣♣M♦❛❝❤ ✐K ♠✐KK✐♥❣✱ ❜❡❝❛✉K❡ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ❢♦M ❛❧❧ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ❧✐♥❡❛❣❡K ✐K K♣❛MK❡✳ ❚❤❡
✐♥❝❧✉K✐♦♥ ♦❢ H❤❡K❡ ♦M❞❡MK ✐K ❝M✉❝✐❛❧ H♦ ✐♥❢❡M ❞❡❡♣ ❤❡①❛♣♦❞ ❛♥❞ ❡✉❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K✳
■♥ H❤✐K KH✉❞②✱ H✇♦ ❞✐✛❡M❡♥H ♠♦❧❡❝✉❧❛M ❛♣♣M♦❛❝❤❡K✱ ❛ ♣❤②❧♦❣❡♥♦♠✐❝ ❛♣♣M♦❛❝❤ ❜❛K❡❞ ♦♥ ❊❙❚ ❞❛H❛ ✭❝❤❛♣✲
H❡M ✷✮ ❛♥❞ ❛♥❛❧②K❡K ♦❢ H❤❡ ♥✉❝❧❡❛M M✐❜♦K♦♠❛❧ ❘◆❆ ♠❛M❦❡MK ✭❝❤❛♣H❡M ✸✮ ❛M❡ ❛♣♣❧✐❡❞ H♦ K♦❧✈❡ H❤❡ ❢♦❧❧♦✇✐♥❣
Q✉❡KH✐♦♥K✿
✕ ❆M❡ ❍❡①❛♣♦❞❛ ♠♦♥♦♣❤②❧❡H✐❝❄
✶✷ ❈❤❛♣H❡M ✶✳ ●❡♥❡M❛❧ ■♥HM♦❞✉❝H✐♦♥
✕ ❤✐❝❤ H❛①♦♥ ✐K ❛ ♣♦H❡♥H✐❛❧ K✐KH❡M ❣M♦✉♣ ♦❢ ❍❡①❛♣♦❞❛❄
✕ ❆M❡ ❊♥H♦❣♥❛H❤❛ ♠♦♥♦♣❤②❧❡H✐❝❄
✕ ❊❧❧✐♣✉M❛ ✈❡ON✉N ◆♦♥♦❝✉❧❛H❛❄
✕ ❆M❡ ❊❝H♦❣♥❛H❤❛ K✉♣♣♦MH❡❞❄
✐H❤✐♥ ❛♥ ✬❛MH❤M♦♣♦❞✬ ❢M❛♠❡✇♦M❦✱ ❢♦❧❧♦✇✐♥❣ ❤②♣♦H❤❡K❡K ❛M❡ ❛❞❞M❡KK❡❞✿
✕ ❆H❡❧♦❝❡M❛H❛ ✈❡ON✉N ❛♥❝M✉KH❛❝❡❛❄
✕ ▼❛♥❞✐❜✉❧❛H❛ ✈❡ON✉N ▼②M✐♦❝❤❡❧❛H❛❄
❋♦M ❜♦H❤ ❛♣♣M♦❛❝❤❡K✱ ✐H ✇✐❧❧ ❜❡ ❝♦♥K✐❞❡M❡❞ ✇❤✐❝❤ ❝❧❛❞❡K ❛M❡ M♦❜✉KH❧② M❡K♦❧✈❡❞ ❛♥❞ ✇❤✐❝❤ ❝❧❛❞❡K M❡♠❛✐♥
♣M♦❜❧❡♠❛H✐❝✳ ▼❡H❤♦❞♦❧♦❣✐❝❛❧ ❛K♣❡❝HK ✇✐❧❧ ❜❡ ❝M✐H✐❝❛❧❧② ❝♦♥K✐❞❡M❡❞ ✐♥ ❞❡H❛✐❧✳ ■H ✐K ❛❞❞M❡KK❡❞✱ ✐❢ ❛♣♣❧②✐♥❣
❛❞✈❛♥❝❡❞ ♠❡H❤♦❞K ♣❛② ♦✛ ✇✐H❤ M❡K♣❡❝H H♦ ❞❛H❛✲ ❛♥❞ ❛♥❛❧②K❡K Q✉❛❧✐H②✳
❈♦✉PN❡ ♦❢ L❤❡ NL✉❞② ❛♥❞ ♠❡L❤♦❞♦❧♦❣✐❝❛❧ ❛N♣❡❝LN
❆ H❛①♦♥ K❛♠♣❧✐♥❣ ✐♥ H❤❡ K❡♥K❡ ♦❢ ❤✐❧✐♣♣❡ ❡H ❛❧✳ ✭✷✵✵✺❛✮ ❤❛K ❜❡❡♥ ❝♦♥K✐❞❡M❡❞ ❢♦M H❤❡ ♣M❡K❡♥H KH✉❞②✳
■♥♥♦✈❛H✐✈❡✱ M❡❝❡♥H❧② ❞❡✈❡❧♦♣❡❞ ♠❡H❤♦❞K ❛♥❞ K♦♣❤✐KH✐❝❛H❡❞ K♦❢H✇❛M❡ ❤❛✈❡ ❜❡❡♥ ✐♥❝♦M♣♦M❛H❡❞ ❢♦M ❜♦H❤
❛♣♣M♦❛❝❤❡K✳ ❚❤❡ ✐❞❡❛ ✐K H♦ ✐♠♣M♦✈❡ ❞❛H❛ Q✉❛❧✐H② ❛♥❞ H♦ ❝♦MM❡❝H ♠✐K❧❡❛❞✐♥❣ ❡✛❡❝HK ❢M♦♠ ❛ ♠❡H❤♦❞♦❧♦❣✲
✐❝❛❧ ♣♦✐♥H ♦❢ ✈✐❡✇✳ ❆♣♣M♦❛❝❤❡K ❛♥❞ H♦♦❧K ❛M❡ ✐♥HM♦❞✉❝❡❞ ✐♥ ❞❡H❛✐❧ ✐♥ H❤❡ ❇❛❝❦❣O♦✉♥❞ ❛♥❞ ▼❡M❤♦❞N ♦❢
M❡K♣❡❝H✐✈❡ ❝❤❛♣H❡MK✳
❈❤❛♣H❡M ✷✱ ❆30❤3♦♣♦❞ ,❤②❧♦❣❡♥♦♠✐❝2✱ ♣M❡K❡♥HK H❤❡ ❧❛M❣❡KH ❦♥♦✇♥ ❛MH❤M♦♣♦❞ ♣❤②❧♦❣❡♥♦♠✐❝ ❊❙❚
❞❛H❛ K❡H✳ ◆❡✇ ❊❙❚ ❞❛H❛ ❢♦M ❛❧❧ ♠♦♥♦❝♦♥❞②❧✐❝✱ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ♦M❞❡MK ❤❛✈❡ ❜❡❡♥ ❣❡♥❡M❛H❡❞✳
❆❞❞✐H✐♦♥❛❧❧②✱ ♥❡✇ ❡✉❛MH❤M♦♣♦❞ ❊❙❚ ♣M♦❥❡❝HK ❛M❡ ✐♥❝❧✉❞❡❞ ❢M♦♠ ❝♦♦♣❡M❛H✐♦♥ ♣❛MH♥❡MK✳ ❆♥ ♦✈❡M✈✐❡✇ ♦❢
❤✐KH♦M②✱ H❡❝❤♥✐Q✉❡K✱ ♣❤②❧♦❣❡♥❡H✐❝ ✉K❡ ♦❢ ❊❙❚ ❞❛H❛ ❛♥❞ H❤❡✐M ❛✈❛✐❧❛❜✐❧✐H② ❢♦M ❡✉❛MH❤M♦♣♦❞K ❢♦❝✉K❡❞ ♦♥
♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞K ✐K ❣✐✈❡♥ ✐♥ H❤❡ ❇❛❝❦❣O♦✉♥❞ K❡❝H✐♦♥✳ ❈❧♦K❡❧② ✐♥H❡M✇♦✈❡♥ ✇✐H❤ ♣❤②❧♦❣❡♥♦♠✐❝
❞❛H❛ K❡HK ❛M❡ ✉♣❝♦♠✐♥❣ ♠❡H❤♦❞♦❧♦❣✐❝❛❧ ❝❤❛❧❧❡♥❣❡K H♦ ❤❛♥❞❧❡ ❧❛M❣❡ ❞❛H❛ ❛♠♦✉♥HK✳ ▼❡H❤♦❞♦❧♦❣✐❝❛❧
❝❤❛❧❧❡♥❣❡K ❛M❡ ✐♥HM♦❞✉❝❡❞✱ ❢♦M ❡①❛♠♣❧❡✱ ♦MH❤♦❧♦❣② ♣M❡❞✐❝H✐♦♥ ♦❢ ❣❡♥❡K✱ ♣❡M❝❡♥H❛❣❡ ❛♥❞ ❞✐KHM✐❜✉H✐♦♥ ♦❢
❞❛H❛ ✐♥ ❧❛M❣❡ ❞❛H❛ ♠❛HM✐❝❡K✱ ♠❛HM✐① K❛H✉M❛H✐♦♥✱ ♦✈❡M❧❛♣ ♦❢ ❣❡♥❡K ❛♥❞ H❛①❛✳ ❆♣♣❧✐❡❞ H♦♦❧K ❛M❡ ♦✉H❧✐♥❡❞✱
❡K♣❡❝✐❛❧❧② H❤❡ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K K♦❢H✇❛M❡ ▼❆❘❊ ✭▼✐K♦❢ ❡H ❛❧✳✱ ✐♥ ♣O❡♣✳✮✱ M❡❝❡♥H❧② ❞❡✈❡❧♦♣❡❞ ❜② ❇✳
▼✐K♦❢ ❛♥❞ ♦✉M ✇♦M❦ ❣M♦✉♣✳ ▼❆❘❊ ❝♦♥K✐❞❡MK K✐❣♥❛❧ ✐♥ ❣❡♥❡K H♦ ♦♣H✐♠❛❧❧② K❡❧❡❝H ❛ ❞❛H❛ K✉❜♠❛HM✐①
✇✐H❤ ❤✐❣❤ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ ❛K ♠✉❝❤ H❛①❛ ❛K ♣♦KK✐❜❧❡✳ ❆K ✇❡❧❧ ❛K ♦H❤❡M H♦♦❧K✱
✐H ❛✐♠K H♦ ✐♠♣M♦✈❡ ❞❛H❛ Q✉❛❧✐H② ♣M✐♦M H♦ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ❜② ♠✐♥✐♠✐③✐♥❣ ♥♦✐K❡✳ ❚❛①♦♥ K❛♠♣❧✐♥❣✱
❧❛❜♦M❛H♦M② ✇♦M❦✱ ❞❛H❛ ♣M♦❝❡KK✐♥❣ ❛♥❞ ❛♥❛❧②K❡K K❡H✉♣✱ H❤❡ ❣❡♥❡M❛H✐♦♥ ♦❢ ❞❛H❛ K❡HK ❛♥❞ ♣❤②❧♦❣❡♥❡H✐❝
M❡❝♦♥KHM✉❝H✐♦♥K ❛M❡ ❡①♣❧❛✐♥❡❞ ✐♥ H❤❡ ▼❡M❤♦❞N K❡❝H✐♦♥✳ ❉✐✛❡M❡♥H ❛MH❤M♦♣♦❞ ❞❛H❛ K✉❜K❡HK ❤❛✈❡ ❜❡❡♥
❣❡♥❡M❛H❡❞ ✭❢♦M ❡①❛♠♣❧❡✱ ❛ ❞❛H❛ K✉❜K❡H ✇✐H❤♦✉H ♣M♦H❡♦♠❡ H❛①❛ ❛♥❞ ❛ ❞❛H❛ K✉❜K❡H ✇✐H❤ ❡①❝❧✉K✐✈❡❧② M✐❜♦✲
K♦♠❛❧ M❡K♣❡❝H✐✈❡❧② ♥♦♥✲M✐❜♦K♦♠❛❧ ❣❡♥❡K✮ H♦ ❡✈❛❧✉❛H❡ ❛ ♣♦KK✐❜❧❡ ✐♠♣❛❝H ♦❢ ❞✐✛❡M❡♥H ❝❤❛M❛❝H❡M K❡❧❡❝H✐♦♥
♦♥ ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✳ ❆❞❞✐H✐♦♥❛❧❧②✱ ❛♥ ❡♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡H ❛♥❞ ❛ ♣✉❜❧✐K❤❡❞ ♠❡H❛③♦❛♥ ❞❛H❛
K❡H ✭❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽✮ ❤❛✈❡ ❜❡❡♥ ✉K❡❞ H♦ ❛♣♣❧② H❤❡ ♥❡✇ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K✳ ■♥ H❤❡ ❘❡N✉❧MN K❡❝H✐♦♥✱
H❤❡ ❢✉❧❧ ♣❤②❧♦❣❡♥♦♠✐❝ ❛MH❤M♦♣♦❞ ❞❛H❛ K❡H✱ ✐HK K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ ❛♥❞ ❢✉MH❤❡M ❞❛H❛ K✉❜K❡HK
❛M❡ ❛♥❛❧②③❡❞✳ ❚❤❡ ✐♠♣❛❝H ♦❢ H❤❡ ♥❡✇ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ✐K ❝♦♠♣❛M❛H✐✈❡❧② ❡①❛♠✐♥❡❞ ✇✐H❤ M❡K♣❡❝H H♦
✶✳✸✳ ❆✐♠ ❛♥❞ ❝♦✉MK❡ ♦❢ H❤✐K KH✉❞② ✶✸
✐♥❢♦M♠❛H✐✈❡♥❡KK✱ K❛H✉M❛H✐♦♥ ❛♥❞ M❡K♦❧✉H✐♦♥ ♦❢ ✐♥❢❡MM❡❞ HM❡❡K✳ ❆❞❞✐H✐♦♥❛❧ ❞❛H❛ K❡HK ❛M❡ ❛♥❛❧②③❡❞ ✇✐H❤
M❡K♣❡❝H H♦ H❤❡ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ♣❡M❢♦M♠❛♥❝❡ ❛♥❞ ✐HK ✐♠♣❛❝H ♦♥ H❤❡ HM❡❡ M♦❜✉KH♥❡KK✳ ❚❤❡ ❉✐N❝✉NN✐♦♥
❛KK❡KK❡K ♠❡H❤♦❞♦❧♦❣✐❝❛❧ ❛K♣❡❝HK ❛♥❞ ♦❜K❡M✈❡❞ ❡✛❡❝HK ♦❢ ❞✐✛❡M❡♥H ❞❛H❛ K✉❜K❡HK✳ ❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥✲
K❤✐♣K ❛M❡ ❞✐K❝✉KK❡❞ ❢♦❝✉K✐♥❣ ♦♥ ❤❡①❛♣♦❞K ❛♥❞ ♣M✐♠❛M② ✇✐♥❣❧❡KK ♦M❞❡MK✳ ❘❡❧❛H✐♦♥K❤✐♣K ❜❡H✇❡❡♥ ♠❛❥♦M
❡✉❛MH❤M♦♣♦❞ ❣M♦✉♣K ❛M❡ ❛❧K♦ ❛❞❞M❡KK❡❞✳
❈❤❛♣H❡M ✸✱ ❆30❤3♦♣♦❞ ,❤②❧♦❣❡♥② ✐♥❢❡33❡❞ ❢3♦♠ ♥✉❝❧❡❛3 3❘◆❆2✱ ♣M❡K❡♥HK ❛ ❧❛M❣❡ ❛MH❤M♦✲
♣♦❞ ❞❛H❛ K❡H ❜❛K❡❞ ♦♥ H✇♦ ♥✉❝❧❡❛M M❘◆❆ ♠❛M❦❡MK✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ♦M❞❡MK✳
◆❡❛M❧② ❢♦M H❤❡ ♣❛KH ✹✵ ②❡❛MK✱ M✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡K ❤❛✈❡ ❜❡❡♥ ✉K❡❞ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ❛♥❞ H❤❡✐M
♣M♦♣❡MH✐❡K ❛M❡ ✇❡❧❧ ❦♥♦✇♥✳ ❚❤❡② ❝♦♠♣M✐K❡ M❡❣✐♦♥K ✇❤✐❝❤ ❜✉✐❧❞ KH❡♠K ✭♣❛✐M❡❞ M❡❣✐♦♥K✮ ✇❤❡M❡ ❝❤❛M❛❝✲
H❡MK ❞♦ ♥♦H ❡✈♦❧✈❡ ✐♥❞❡♣❡♥❞❡♥H❧②✳ ❇❛❝❦❣M♦✉♥❞ ❦♥♦✇❧❡❞❣❡ ❤❛K ❜❡❡♥ ✐♥❝♦M♣♦M❛H❡❞ ✐♥ ❛✮ H❤❡ ❛❧✐❣♥♠❡♥H
♣M♦❝❡❞✉M❡ ✭❘◆❆K❛❧K❛ ❙H♦❝K✐HK ❡H ❛❧✳✱ ✷✵✵✾✮ ❛♥❞ ❜✮ ✐♥ ♠♦❞❡❧K ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥✳ ❖❜✲
K❡M✈❡❞ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✭❂ H✐♠❡✲❤❡H❡M♦❣❡♥❡✐H②✮ ✇✐H❤✐♥ H❤❡ ❞❛H❛ K❡H ❤❛K ❜❡❡♥ ♠♦❞❡❧❡❞ ❛K ✇❡❧❧ ❞✉M✐♥❣
♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥✳ ❋♦M H❤✐K H❤❡K✐K✱ ❝♦♠♣❛M❛H✐✈❡ ❛♥❛❧②K❡K ♦❢ H❤❡ M❘◆❆ ❞❛H❛ K❡H ❤❛✈❡ ❜❡❡♥
❝♦♥❞✉❝H❡❞✿ ✐♥ ❞✐✛❡M❡♥H ❝♦♠❜✐♥❛H✐♦♥K ✭✐✮ K❡❝♦♥❞❛M② KHM✉❝H✉M❡ ✐♥❢♦M♠❛H✐♦♥ ❛♥❞ ✭✐✐✮ ♥♦♥✲KH❛H✐♦♥❛M✐H② ❤❛K
❜❡❡♥ ♠♦❞❡❧❡❞ ♦M ✐❣♥♦M❡❞✳ ■♥ H❤❡ ❇❛❝❦❣O♦✉♥❞ K❡❝H✐♦♥✱ M❘◆❆ ♠❛M❦❡MK ❛♥❞ H❤❡✐M ✉K❡ ✐♥ ♣❤②❧♦❣❡♥❡H✐❝
✐♥❢❡M❡♥❝❡ ❛M❡ ✐♥HM♦❞✉❝❡❞✳ ◆❡①H ❢♦❧❧♦✇K ❛ K❤♦MH ♦✈❡M✈✐❡✇ ♦♥ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ♦❢ ✭♥❡❛M❧②✮ ❝♦♠♣❧❡H❡ ♥✉✲
❝❧❡❛M M❘◆❆ ♠❛M❦❡MK ❢♦M ✬❜❛K❛❧ ❤❡①❛♣♦❞K✬ ❛♥❞ ♠②M✐❛♣♦❞K✳ M❡✈✐♦✉K❧② ✉K❡❞ ❛♣♣M♦❛❝❤❡K ❛M❡ K✉♠♠❛M✐③❡❞
✇✐H❤ H❤❡✐M KHM❡♥❣H❤K ❛♥❞ ♣M♦❜❧❡♠K✳ ❆♣♣❧✐❡❞ K♦❢H✇❛M❡ H❤❛H ❝♦♥K✐❞❡MK K❡❝♦♥❞❛M② KHM✉❝H✉M❡ ✐♥❢♦M♠❛H✐♦♥ ✐♥
❛❧✐❣♥♠❡♥H ❛♥❞ ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥ ❛♥❞ H♦♦❧K ❢♦M ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ❛M❡ ✐♥HM♦✲
❞✉❝❡❞✳ ❚❤❡ ▼❡M❤♦❞N K❡❝H✐♦♥ ❣✐✈❡K ❞❡H❛✐❧❡❞ ✐♥❢♦M♠❛H✐♦♥ ❛❜♦✉H H❛①♦♥ K❛♠♣❧✐♥❣✱ ❧❛❜♦M❛H♦M② ✇♦M❦ ❛♥❞
❝♦♠♣❛M❛H✐✈❡ ❛♥❛❧②K❡K✳ ■♥ H❤❡ ❘❡N✉❧MN K❡❝H✐♦♥✱ H♦♣♦❧♦❣✐❡K ❛M❡ ❛♥❛❧②③❡❞ ❝♦♥K✐❞❡M✐♥❣ ✬KH❛♥❞❛M❞✬ ❛♥❞ K♦✲
♣❤✐KH✐❝❛H❡❞ ♠❡H❤♦❞K ✭KH❛♥❞❛M❞ ❉◆❆ ✈❡ON✉N ♠✐①❡❞ ♠♦❞❡❧K✱ ✐❣♥♦M✐♥❣ ✈❡ON✉N ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H②✮✳
❚❤❡ ❉✐N❝✉NN✐♦♥ ❢♦❝✉K❡K ♦♥ ❝✉MM❡♥H ❤②♣♦H❤❡K❡K ❛❞❞M❡KK✐♥❣ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞ ❧✐♥❡❛❣❡K ✭✐♥❝❧✉❞✲
✐♥❣ ✐♥HM❛✲♦M❞❡M M❡❧❛H✐♦♥K❤✐♣K✮ ✇✐H❤ M❡K♣❡❝H H♦ ❞✐✛❡M❡♥H ❛♥❛❧②K❡K✳ ❊✉❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ❛M❡ ❛❧K♦
❛❞❞M❡KK❡❞✳
❈❤❛♣H❡M ✹ ♦✉H❧✐♥❡K K♦♠❡ ❢✉H✉M❡ ♣❡MK♣❡❝H✐✈❡K✳
❆ ♣❛B? ♦❢ ❝❤❛♣?❡B ✷ ❤❛A ❜❡❡♥ ♣✉❜❧✐A❤❡❞ ✐♥
▼❡✉A❡♠❛♥♥ ❑✱ ✈♦♥ ❘❡✉♠♦♥? ❇▼✱ ❙✐♠♦♥ ❙✱ ❘♦❡❞✐♥❣ ❋✱ ❑R❝❦ e✱ ❙?B❛✉AA ❙✱ ❊❜❡BA❜❡B❣❡B ■✱ ❛❧③❧ ▼✱ e❛AA
●✱ ❇B❡✉❡BA ❙✱ ❆❝❤?❡B ✱ ✈♦♥ ❍❛❡A❡❧❡B ❆✱ ❇✉B♠❡A?❡B ❚✱ ❍❛❞B②A ❍✱ Z❣❡❧❡ ❏✱ ▼✐A♦❢ ❇✿ ❆ ♣❤②❧♦❣❡♥♦♠✐❝
❛♣♣B♦❛❝❤ ?♦ B❡A♦❧✈❡ ?❤❡ ❛B?❤B♦♣♦❞ ?B❡❡ ♦❢ ❧✐❢❡✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✭✷✵✶✵✮ ✷✼✭✶✶✮✿✷✹✺✶✕✷✹✻✹✳ ❞♦✐✿ ✶✵✳✶✵✾✸✴♠♦❧✲
❜❡✈✴♠AD✶✸✵✳
❆ ♣❛B? ♦❢ ❝❤❛♣?❡B ✸ ❤❛A ❜❡❡♥ ♣✉❜❧✐A❤❡❞ ✐♥
✈♦♥ ❘❡✉♠♦♥? ❇▼✱ ▼❡✉A❡♠❛♥♥ ❑✱ ❙③✉❝A✐❝❤ ◆✱ ❉❡❧❧✬❆♠♣✐♦ ❊✱ ●♦✇B✐✲❙❤❛♥❦❛B ✱ ❇❛B?❡❧ ❉✱ ❙✐♠♦♥ ❙✱ ▲❡?A❝❤
❍❖✱ ❙?♦❝A✐?A ❘✱ ▲✉❛♥ ✱ Z❣❡❧❡ ❏✱ e❛AA ●✱ ❍❛❞B②A ❍✱ ▼✐A♦❢ ❇ ✭✷✵✵✾✮✿ ❈❛♥ ❝♦♠♣B❡❤❡♥A✐✈❡ ❜❛❝❦❣B♦✉♥❞
❦♥♦✇❧❡❞❣❡ ❜❡ ✐♥❝♦B♣♦B❛?❡❞ ✐♥?♦ A✉❜A?✐?✉?✐♦♥ ♠♦❞❡❧A ?♦ ✐♠♣B♦✈❡ ♣❤②❧♦❣❡♥❡?✐❝ ❛♥❛❧②A❡A❄ ❆ ❝❛A❡ A?✉❞② ♦♥ ♠❛❥♦B
❛B?❤B♦♣♦❞ B❡❧❛?✐♦♥A❤✐♣A✳ ❇▼❈ ❊✈♦❧✉?✐♦♥❛B② ❇✐♦❧♦❣② ✭✷✵✵✾✮ ✾✿✶✶✾✳ ❞♦✐✿ ✶✵✳✶✶✽✻✴✶✹✼✶✲✷✶✹✽✲✾✲✶✶✾✳
❚❤✐A ?❤❡A✐A ✇❛A ❝♦♥❞✉❝?❡❞ ✇✐?❤✐♥ ?❤❡ ♣B✐♦B✐?② ♣B♦❣B❛♠ ❙ee ✶✶✼✹ ✏❉❡❡♣ ▼❡?❛③♦❛♥ e❤②❧♦❣❡♥②✑✳ ❚❤❡ ♣B♦❥❡❝? ✇❛A




✷✳✶✳✶✳ ❊❙❚D ❛♥❞ B❤❡✐F ✉D❡ ❢♦F ♣❤②❧♦❣❡♥❡B✐❝ ✐♥❢❡F❡♥❝❡
■♥❢❡MM✐♥❣ ❤❡①❛♣♦❞✱ ❛MH❤M♦♣♦❞ ♦M ♠❡H❛③♦❛♥ ♣❤②❧♦❣❡♥② ❤❛K ❜❡❡♥ ❜❛K❡❞ ❡✐H❤❡M ♦♥ K✐♥❣❧❡ ❣❡♥❡ ❛♥❛❧②K❡K ✭❡✳❣✳
❆❣✉✐♥❛❧❞♦ ❡H ❛❧✳✱ ✶✾✾✼❀ ❡H❡MK♦♥ ❡H ❛❧✳✱ ✷✵✵✹❀ ❆♥❞❡MK♦♥ ❛♥❞ ❙✇♦✛♦M❞✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ▼❛❧❧❛HH
❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻✮ ♦M ♦♥ ♠✉❧H✐✲❣❡♥❡ ❛♥❛❧②K❡K ✭❡✳❣✳ ❇❛✉M❛✐♥ ❡H ❛❧✳✱ ✷✵✵✼❀ ❇♦✉M❧❛H ❡H ❛❧✳✱ ✷✵✵✽❀ ❘❡❣✐❡M
❡H ❛❧✳✱ ✷✵✵✽❀ ✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾❀ ❆❧❡K❤✐♥ ❡H ❛❧✳✱ ✷✵✵✾❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡ ❡KH❛❜❧✐K❤❡♠❡♥H
❢♦M ♠❛♥② ❣❡♥❡K ❤❛K ❜❡❡♥ ❡①HM❡♠❡❧② H✐♠❡✲❝♦♥K✉♠✐♥❣✳ ❚❤❡ ❡❛M❧② ✶✾✾✵K ❜M♦✉❣❤H ❛❧♦♥❣ H❤❡ ❞❡✈❡❧♦♣♠❡♥H
♦❢ K❡Q✉❡♥❝❡K ♦❜H❛✐♥❡❞ ❢M♦♠ K♦ ❝❛❧❧❡❞ ✏❊①♣M❡KK❡❞ ❙❡Q✉❡♥❝❡ ❚❛❣K✑ ✭❊❙❚K✮ ✇❤✐❝❤ ♣M♦✈✐❞❡ ♠✉❧H✐♣❧❡ ❣❡♥❡
❞❛H❛ ✇✐H❤ ❧❡KK ❡✛♦MH✳ ❊❙❚K ❛M❡ K♠❛❧❧ ♣✐❡❝❡K ♦❢ ❝♦♣② ❉◆❆ ✭❝❉◆❆✮✱ ✉K✉❛❧❧② ✷✵✵✕✺✵✵ ♥✉❝❧❡♦H✐❞❡K ❧♦♥❣✱
❣❡♥❡M❛H❡❞ ❜② K❡Q✉❡♥❝✐♥❣ ♦♥❡ ♦M ❜♦H❤ ❡♥❞K ♦❢ ❛♥ ❡①♣M❡KK❡❞ ❣❡♥❡ ✭❆❞❛♠K ❡H ❛❧✳✱ ✶✾✾✶✮✳ ❈♦♣② ❉◆❆ ✐K
M❡❝❡✐✈❡❞ ❜② M❡✈❡MK❡ HM❛♥K❝M✐♣H✐♦♥ ♦❢ ❝❡❧❧✉❧❛M ♠❡KK❡♥❣❡M ❘◆❆ ✭♠❘◆❆✮✳ ❚❤✐K ❛♣♣M♦❛❝❤ ✇❛K ❞❡✈❡❧♦♣❡❞ ❜②
✉H♥❡② ❡H ❛❧✳ ✭✶✾✽✸✮ H♦ ❞❡H❡❝H ♣M❡✈✐♦✉K❧② ✉♥❦♥♦✇♥ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✳ ❆❢H❡M ❝♦♥KHM✉❝H✐♦♥ ♦❢ ❝❉◆❆
❧✐❜M❛M✐❡K✱ ❊❙❚K ❤❛✈❡ ❜❡❡♥ ❣❡♥❡M❛H❡❞ ❜② M❛♥❞♦♠❧② K❡Q✉❡♥❝✐♥❣ ❝❧♦♥❡K ✭❋✐❣✳ ❆✳✶✮✳ ❇✐HK ♦❢ ❝❉◆❆ M❡♣M❡K❡♥H
❣❡♥❡K ❡①♣M❡KK❡❞ ✐♥ ❝❡MH❛✐♥ ❝❡❧❧K✱ H✐KK✉❡K✱ ♦M ♦M❣❛♥K✳ ❚❤❡K❡ ✏H❛❣K✑ ♣M♦✈✐❞❡ ❛ M✐❝❤ K♦✉M❝❡ ♦❢ ✐♥❢♦M♠❛H✐♦♥
❛♥❞ ❛M❡ ✉K❡❞✱ ❢♦M ❡①❛♠♣❧❡✱ ❢♦M ✐❞❡♥H✐✜❝❛H✐♦♥ ♦❢ ♥♦✈❡❧ ❣❡♥❡K✱ ❣❡♥❡ ♠❛♣♣✐♥❣✱ ❝♦♠♣❛M❛H✐✈❡ ❣❡♥♦♠✐❝K
❛♥❞ ❢✉♥❝H✐♦♥❛❧ ❝❤❛M❛❝H❡M✐③❛H✐♦♥ ♦❢ ❣❡♥❡ ♣M♦❞✉❝HK✳ ▲❛M❣❡✲K❝❛❧❡ ❊❙❚ K❡Q✉❡♥❝✐♥❣ ✇❛K ❝❤❛♠♣✐♦♥❡❞ ❜②
❈M❛✐❣ ❡♥H❡M ♦❢ H❤❡ ■♥KH✐H✉H❡ ❢♦M ●❡♥♦♠✐❝ ❘❡K❡❛M❝❤ ✐♥ ●❛✐H❤❡MK❜✉M❣✱ ▼❉✱ ❛♥❞ ✇❛K M❡❛❞✐❧② H❛❦❡♥ ✉♣
❜② H❤❡ ♣M✐✈❛H❡ K❡❝H♦M✳ ❉❛H❛ ❝♦❧❧❡❝H✐♦♥K M❛♣✐❞❧② ✐♥❝M❡❛K❡❞ ❞❡♠❛♥❞✐♥❣ ♥❡✇ H❡❝❤♥✐Q✉❡K ♦❢ ❞❛H❛❜❛K✐♥❣✳ ■♥
✶✾✾✷✱ H❤❡ ❞❜❊❙❚ ❞❛H❛❜❛K❡ ✭◆❈❇■✱ ❤@@♣✿✴✴✇✇✇✳♥❝❜✐✳♥❧♠✳♥✐❤✳❣♦✈✴❞❜❊❙❚✴✮ ✇❛K M❡❧❡❛K❡❞ ✭❇♦❣✉K❦✐
❡H ❛❧✳✱ ✶✾✾✸✮✳ ❚♦ ❞❛H❡✱ ♠♦M❡ H❤❛♥ ✻✻✱✼✾✷✱✺✵✵ ❡♥HM✐❡K ❛M❡ ♣✉❜❧✐K❤❡❞ ✭❛❝❝❡KK ◆♦✈❡♠❜❡M ✷✵✶✵✮✳ ❉❡H❛✐❧❡❞
✐♥❢♦M♠❛H✐♦♥ ❝❛♥ ❜❡ ❛❝❝❡KK❡❞ ❢M♦♠ ◆❈❇■ ❋❛❝H K❤❡❡HK ♦M ❢M♦♠ ❛M❦✐♥K♦♥ ❛♥❞ ❇❧❛①H❡M ✭✷✵✵✾✮✳ ❆ ❜M✐❡❢
❤✐KH♦M✐❝❛❧ K✉♠♠❛M② ✐K ❣✐✈❡♥ ✐♥ ❇♦❣✉K❦✐ ✭✶✾✾✺✮✳ ■♥ H❤❡ ♣M❡K❡♥H KH✉❞②✱ ❊❙❚K ✇❡M❡ ♦❜H❛✐♥❡❞ ✈✐❛ KH❛♥❞❛M❞
❙❛♥❣❡M✲K❡Q✉❡♥❝✐♥❣ ♦❢ M❛♥❞♦♠❧② K❡❧❡❝H❡❞ ❝❉◆❆✲❝❧♦♥❡K ✐♥ ✷✵✵✼ ❛♥❞ ✷✵✵✽✳ ■♥ H❤❡ ♠❡❛♥H✐♠❡✱ H❤✐K ♠❡H❤♦❞
❤❛K ❜❡❡♥ ❣M❛❞✉❛❧❧② K✉♣❡MK❡❞❡❞ ❜② ♥❡①H ❣❡♥❡M❛H✐♦♥ ♣②M♦✲K❡Q✉❡♥❝✐♥❣ ✭❍✉❞K♦♥✱ ✷✵✵✽✮✳
❚❤❡ ✉K❡ ♦❢ ❊❙❚K ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ KH❛MH❡❞ ✐♥ H❤❡ ❡❛M❧② ✷✶KH ❝❡♥H✉M②✳ ❋♦M ❡①❛♠♣❧❡✱ ❇❛♣H❡KH❡
❡H ❛❧✳ ✭✷✵✵✷✮ KH✉❞✐❡❞ ♣❤②❧♦❣❡♥❡H✐❝ ❛✣♥✐H✐❡K ♦❢ ❛♠♦❡❜❛K ❛♥❞ M❡❧❛H❡❞ H❛①❛ ❜❛K❡❞ ♦♥ ❊❙❚K✳ ▲❛H❡M✱ ❊❙❚
❜❛K❡❞ KH✉❞✐❡K ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐K❤❡❞ ❢♦❝✉K✐♥❣ ♦♥ ❛MH❤M♦♣♦❞ K✉❜❣M♦✉♣K✱ ❢♦M ❡①❛♠♣❧❡ ♦♥ ❡❛M❧② ♣H❡M②❣♦H❡ ♦M
❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❙✐♠♦♥ ❡H ❛❧✳✱ ✷✵✵✾❀ ❙❛✈❛M❞ ❡H ❛❧✳✱ ✷✵✵✻✮✳ ❊❙❚K ❤❛✈❡ ❛❧K♦ ❜❡❡♥ ✉K❡❞ H♦ ✐♥❢❡M ❞❡❡♣
K♣❧✐HK ❧✐❦❡ ❡❝❞②K♦③♦❛♥K ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼✮✱ ❝❤♦M❞❛H❡K ✭❉❡❧K✉❝ ❡H ❛❧✳✱ ✷✵✵✽✮ ♦M ❧♦♣❤♦HM♦❝❤♦③♦❛♥K
✭❍❡❧♠❦❛♠♣❢ ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❤✐❧✐♣♣❡ ❡H ❛❧✳ ✭✷✵✵✹✱ ✷✵✵✺❜✮ ✉K❡❞ ❧❛M❣❡ ❊❙❚✲❜❛K❡❞ ❛❧✐❣♥♠❡♥HK H♦ ✐♥❢❡M
♠❡H❛③♦❛♥ ♣❤②❧♦❣❡♥② ❛♥❞ M❡❧❛H❡❞ ❡✉❦❛M②♦H✐❝ H❛①❛✳ ❉✉♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ❤✐❧✐♣♣❡ ❡H ❛❧✳ ✭✷✵✵✾✮ ❛K
✇❡❧❧ ♣✉❜❧✐K❤❡❞ ❧❛M❣❡ K❝❛❧❡ ♣❤②❧♦❣❡♥✐❡K ❢♦M ♠❡H❛③♦❛♥K✳ ❆❧❧ H❤❡K❡ KH✉❞✐❡K ♣M♦✈✐❞❡❞ ♣M♦♠✐K✐♥❣ ♣M♦K♣❡❝HK
H❤❛H ❊❙❚K ❜❡❛M K✉✣❝✐❡♥H ♣❤②❧♦❣❡♥H✐❝ ✐♥❢♦M♠❛H✐♦♥ H♦ M❡K♦❧✈❡ H❤❡ ❞❡❡♣ ♠❡H❛③♦❛♥ ♣❤②❧♦❣❡♥② ✭❤✐❧✐♣♣❡
❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✻✮✳ ❚❤❡ ❢❛KH ❛♥❞ ❡①H❡♥K✐✈❡ ❣M♦✇H❤ ♦❢ ❊❙❚ ❞❛H❛ ❝♦♠❡K ❛❧♦♥❣ ✇✐H❤ ♥❡✇ ❞❡♠❛♥❞K ❢♦M
♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✳ ❆❞❞M❡KK❡❞ Q✉❡KH✐♦♥K ❛M❡ ❢♦M ❡①❛♠♣❧❡✿ ❍♦✇ ❝❛♥ ♦MH❤♦❧♦❣♦✉K ❣❡♥❡K ❜❡ ♣M♦♣❡M❧②
✶✻ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
✐❞❡♥H✐✜❡❞❄ ❍♦✇ K❤♦✉❧❞ ♠✐KK✐♥❣ ✐♥❢♦M♠❛H✐♦♥ ❜❡ HM❡❛H❡❞❄ ❤❛H ♣❡M❝❡♥H❛❣❡ ♦❢ ♠✐KK✐♥❣ ✐♥❢♦M♠❛H✐♦♥
❝❛♥ ❜❡ ✐♥❝♦M♣♦M❛H❡❞ ✇✐H❤♦✉H ❧❡❛❞✐♥❣ H♦ ❜✐❛K❡❞ ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡❄ ❆M❡ K✉♣❡MHM❡❡ ♦M K✉♣❡M♠❛HM✐①
❛♣♣M♦❛❝❤❡K ❛♣♣M♦♣M✐❛H❡ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡❄ ■K H❤❡ K✐❣♥❛❧ ❤❡H❡M♦❣❡♥❡♦✉K H❤M♦✉❣❤♦✉H ❛ ❞❛H❛
♠❛HM✐①❄ ❍♦✇ K❤♦✉❧❞ ✐H ❜❡ ❤❛♥❞❧❡❞ ✐♥ ❧❛M❣❡ ❞❛H❛ K❡HK❄ ❤✐❝❤ ✐♠♣❛❝H ❞♦ ❤❛✈❡ K✐♥❣❧❡ K♣❡❝✐❡K ♦♥
H♦♣♦❧♦❣✐❝❛❧ ✐♥❢❡M❡♥❝❡❄ ❍♦✇ ♠✉❝❤ ♦✈❡M❧❛♣ ❜❡H✇❡❡♥ ❣❡♥❡K ❛♥❞ H❛①❛ ✐K ♥❡❝❡KK❛M② ✇✐H❤✐♥ ❛ ❧❛M❣❡ ❞❛H❛
K❡H❄ ❚❤❡K❡ ❛M❡ K♦♠❡ ♦❢ H❤❡ Q✉❡KH✐♦♥K H❤❛H ♣♦✐♥H H♦✇✇❛M❞K H❤❡ ❞❡✈❡❧♦♣♠❡♥H ♦❢ ♥❡✇ ♠❡H❤♦❞K ❞❡❛❧✐♥❣
✇✐H❤ ❧❛M❣❡✲K❝❛❧❡ ❞❛H❛ K❡HK✳
❉❛L❛ ❛❝❝✉♠✉❧❛L✐♦♥ ❞❡♠❛♥❞N ♥❡✇ ♠❡L❤♦❞N
▼❛KK✐✈❡ ❞❛H❛ ❛❝❝✉♠✉❧❛H✐♦♥ ❞❡♠❛♥❞❡❞ ❞❡✈❡❧♦♣♠❡♥HK ✐♥ H❤❡♦M❡H✐❝❛❧ ❛♥❞ ❜✐♦✐♥❢♦M♠❛H✐❝❛❧ ❛K♣❡❝HK✳ ❋♦M
❡①❛♠♣❧❡✱ ❛ ❞❡♥K❡M H❛①♦♥ K❛♠♣❧✐♥❣ ✐K M❡❝♦♠♠❡♥❞❡❞ ❛K ✐H ♠✐❣❤H ❜M❡❛❦ ❞♦✇♥ ❧♦♥❣ ❜M❛♥❝❤❡K ✭❤✐❧✐♣♣❡
❡H ❛❧✳✱ ✷✵✵✺❛❀ ✐❡♥K✱ ✷✵✵✻✮✳ ❆❧K♦✱ ❣❡♥♦♠❡✲K❝❛❧❡ ❛♣♣M♦❛❝❤❡K ♠✐❣❤H ♦✈❡M❝♦♠❡ ❝♦♥HM❛❞✐❝H♦M② M❡K✉❧HK ♦❢
K✐♥❣❧❡ ❣❡♥❡ ❛♥❛❧②K❡K ✭❏❡✛M♦② ❡H ❛❧✳✱ ✷✵✵✻❀ ❤✐❧✐♣♣❡ ❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✻✮✳ ✐H❤ ♣❤②❧♦❣❡♥♦♠✐❝ ❛♣♣M♦❛❝❤❡K✱
H❤❡ ✐♠♣❛❝H ♦❢ KH♦❝❤❛KH✐❝ ♦M K❛♠♣❧✐♥❣ ❡MM♦M ✐K M❡❞✉❝❡❞ ✭❤✐❧✐♣♣❡ ❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✻❀ ❇M✐♥❦♠❛♥♥ ❛♥❞
❤✐❧✐♣♣❡✱ ✷✵✵✽✮✳ ❆K ❛ ❝♦♥K❡Q✉❡♥❝❡✱ KH❛H✐KH✐❝❛❧ K✉♣♣♦MH K❤♦✉❧❞ ❜❡❝♦♠❡ M❡❧✐❛❜❧❡ ❜✉H✱ ❧❛M❣❡ ❞❛H❛ ♠❛②
❛❧K♦ ✐♥❝M❡❛K❡ K②KH❡♠❛H✐❝ ❡MM♦M ✐♥ ❝❛K❡K ♦❢ ♠♦❞❡❧ ♠✐KK♣❡❝✐✜❝❛H✐♦♥✳ ❚❤✉K✱ ❛❝❝✉♠✉❧❛H✐♦♥ ♦❢ ❞❛H❛ ✐K ♥♦H
K✉✣❝✐❡♥H H♦ ❣✉❛M❛♥H❡❡ M♦❜✉KH HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳ ■♥KH❡❛❞✱ K❡✈❡M❛❧ ❛❞❞✐H✐♦♥❛❧ ❡❧❡♠❡♥HK ♠✉KH ❜❡ ♣❛MH
♦❢ H❤❡ ❛♥❛❧②K✐K ♣✐♣❡❧✐♥❡✱ ❡✳❣✳ ❝❛M❡❢✉❧ K❡❧❡❝H✐♦♥ ♦❢ ♦MH❤♦❧♦❣♦✉K ❣❡♥❡K✱ H❤❡ ❝♦♥K✐❞❡M❛H✐♦♥ ♦❢ ❞❛H❛ Q✉❛❧✐H②✱
M❡❞✉❝H✐♦♥ ♦❢ H❤❡ ❞❛H❛ ❣❛♣♣✐♥❡KK ❛♥❞ ♠♦❞❡❧ ✜HH✐♥❣ ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❍❛MH♠❛♥♥
❛♥❞ ✐K✐♦♥✱ ✷✵✵✽❀ ❊❜❡MK❜❡M❣❡M ❡H ❛❧✳✱ ✷✵✵✾❀ ❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤✐K ❤❛K M❡❝❡♥H❧② ❜❡❡♥ K❤♦✇♥ ✐♥
♣❤②❧♦❣❡♥♦♠✐❝ ❛♥❛❧②K❡K ✭❡✳❣✳ ❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽✮ ❛♥❞ ✭❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳
❚❤❡ ❞✐KH✐♥❝H✐♦♥ ❜❡H✇❡❡♥ ♦MH❤♦❧♦❣♦✉K ❛♥❞ ♣❛M❛❧♦❣♦✉K ❣❡♥❡K ✭❋✐H❝❤✱ ✶✾✼✵✮ ✐K ❡KK❡♥H✐❛❧ ✐♥ ♠♦❧❡❝✉❧❛M
❛♥❛❧②K❡K✱ ❡K♣❡❝✐❛❧❧② ❢♦M ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ K❡HK ✭❘♦✉M❡ ❡H ❛❧✳✱ ✷✵✵✼✮✳ M❡❞✐❝H✐♦♥ ♦❢ ♦MH❤♦❧♦❣♦✉K ❣❡♥❡K✱
❤♦✇❡✈❡M✱ ✐K ❛ ❞✐✣❝✉❧H H❛K❦ ✭❑♦♦♥✐♥✱ ✷✵✵✺✮✳ ❖MH❤♦❧♦❣♦✉K ❣❡♥❡K ♦M✐❣✐♥❛H❡ ❢M♦♠ K❤❛M❡❞ ❛♥❝❡KHM❛❧ ❣❡♥❡K
❢M♦♠ ❛ ❧❛KH ❝♦♠♠♦♥ ❛♥❝❡KH♦M ❛♥❞ ❛M❡ M❡❧❛H❡❞ ✈✐❛ K♣❡❝✐✜❝❛H✐♦♥ ❡✈❡♥HK✳ ❚❤❡② M❡✢❡❝H H❤❡ ♦M❣❛♥✐K♠❛❧
♣❤②❧♦❣❡♥②✳ ❛M❛❧♦❣♦✉K ❣❡♥❡K ❛M✐K❡ ❢M♦♠ ❣❡♥❡ ❞✉♣❧✐❝❛H✐♦♥ ❡✈❡♥HK ✭❋✐H❝❤✱ ✷✵✵✵✮✳ ❚❤❡② K❤♦✉❧❞ ❜❡
❡①❝❧✉❞❡❞ ❢M♦♠ ♣❤②❧♦❣❡♥♦♠✐❝ ❛♥❛❧②K❡K ❛K H❤❡② ✐♠♣❧② H❤❡ ♣M❡K❡♥❝❡ ♦❢ ♠✉❧H✐♣❧❡ ❝♦♣✐❡K ♦❢ ❛ ❣✐✈❡♥ ❣❡♥❡
♣❡M K♣❡❝✐❡K✱ ❛♥❞ K♦♠❡ ❞♦ ♥♦H M❡✢❡❝H ♦M❣❛♥✐K♠❛❧ ♣❤②❧♦❣❡♥②✳ ❘❡❝❡♥H KH✉❞✐❡K KH❛MH❡❞ H♦ ❞✐KH✐♥❣✉✐K❤
❜❡H✇❡❡♥ ❝♦✲♦MH❤♦❧♦❣K✱ ✐♥✲ ❛♥❞ ♦✉H♣❛M❛❧♦❣K ✭❙♦♥♥❤❛♠♠❡M ❛♥❞ ❑♦♦♥✐♥✱ ✷✵✵✷✮✳ ●❡♥❡K ✐♥ ♦♥❡ ❧✐♥❡❛❣❡
H❤❛H ❛M❡ ❝♦❧❧❡❝H✐✈❡❧② ♦MH❤♦❧♦❣♦✉K H♦ ♦♥❡ ♦M ♠♦M❡ ❣❡♥❡K ✐♥ ❛♥♦H❤❡M ❧✐♥❡❛❣❡✱ ❞✉❡ H♦ ❛ ❧✐♥❡❛❣❡✲K♣❡❝✐✜❝
❣❡♥❡ ❞✉♣❧✐❝❛H✐♦♥✱ ❛M❡ ❝♦✐♥❡❞ ❝♦✲♦MH❤♦❧♦❣K✳ ■♥♣❛M❛❧♦❣K ❛M❡ ♣❛M❛❧♦❣♦✉K ❣❡♥❡K M❡K✉❧H✐♥❣ ❢M♦♠ ❛ ❧✐♥❡❛❣❡✲
K♣❡❝✐✜❝ ❣❡♥❡ ❞✉♣❧✐❝❛H✐♦♥ ❛❢H❡M ❛ K♣❡❝✐❛H✐♦♥ ❡✈❡♥H✳ ❖✉H♣❛M❛❧♦❣K ❛M❡ ♣❛M❛❧♦❣♦✉K ❣❡♥❡K M❡K✉❧H✐♥❣ ❢M♦♠
❛ ❞✉♣❧✐❝❛H✐♦♥ ♣M✐♦M H♦ ❛ K♣❡❝✐❛H✐♦♥ ❡✈❡♥H✳ ▲❛HH❡M ❝❛♥ ♥❡✈❡M ❜❡ ♦MH❤♦❧♦❣♦✉K ❛♥❞ ✐♥❢❡M ❡①❝❧✉K✐✈❡❧② ❣❡♥❡
HM❡❡K ✭❖✬❇M✐❡♥ ❡H ❛❧✳✱ ✷✵✵✺✮✳ ■♥KH❡❛❞✱ K♣❡❝✐❡K HM❡❡K ❛M❡ ❝M✉❝✐❛❧ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ✭❘❛♥♥❛❧❛
❛♥❞ ✐❤❡♥❣✱ ✷✵✵✽✮✳ ❙❡✈❡M❛❧ ♣✉❜❧✐K❤❡❞ KHM❛H❡❣✐❡K ❢♦M ✐❞❡♥H✐✜❝❛H✐♦♥ ♦❢ ♦MH❤♦❧♦❣K ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛H❡❞
❜② ❈❤❡♥ ❡H ❛❧✳ ✭✷✵✵✼✮✳ ▼♦KH M❡❝❡♥H ❛♣♣M♦❛❝❤❡K ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② ❙❝❤M❡✐❜❡M ❡H ❛❧✳ ✭✷✵✵✾✮ ❛♥❞
❊❜❡MK❜❡M❣❡M ❡H ❛❧✳ ✭✷✵✵✾✮✳
❚❤❡ ♣M♦❜❧❡♠ ♦❢ ❣❛♣♣✐♥❡KK ✐♥ ❊❙❚ ❞❛H❛ ❤❛K ❜❡❡♥ ❛❞❞M❡KK❡❞ ❜② K❡✈❡M❛❧ ❛✉H❤♦MK ✇❤✐❝❤ ♣M♦♣♦K❡ ❞✐✛❡M❡♥H
✇❛②K ❢♦M ❤❛♥❞❧✐♥❣ H❤✐K ♣M♦❜❧❡♠ ✭✐❡♥K✱ ✶✾✾✽✱ ✷✵✵✸✱ ✷✵✵✺✱ ✷✵✵✻❀ ❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✹✱ ✷✵✵✺❛❀ ❛♥
❡H ❛❧✳✱ ✷✵✵✺❀ ❙❛♥❞❡MK♦♥✱ ✷✵✵✼❀ ❍❛MH♠❛♥♥ ❛♥❞ ✐K✐♦♥✱ ✷✵✵✽❀ ✐❡♥K ❛♥❞ ▼♦❡♥✱ ✷✵✵✽❀ ❈♦HH♦♥ ❛♥❞
✐❧❦✐♥K♦♥✱ ✷✵✵✾✮✳ ❊✐H❤❡M K✉♣❡MHM❡❡ ✭❡✳❣✳ ❙❛♥❞❡MK♦♥✱ ✶✾✾✽❀ ❇✐♥✐♥❞❛✲❊♠♦♥❞K✱ ✷✵✵✹✮ ♦M K✉♣❡M♠❛HM✐①
♠❡H❤♦❞K ✭❡✳❣✳ ❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻✮ ❤❛✈❡ ❜❡❡♥ ♣M♦♣♦K❡❞ ✇❤✐❝❤ ❜♦H❤ ❤❛✈❡ H❤❡✐M KHM❡♥❣H❤K
❛♥❞ ✇❡❛❦♥❡KK❡K✳ ❙✉♣❡MHM❡❡ H❡❝❤♥✐Q✉❡K M❡❧② ♦♥ ❛ K❡♣❛M❛H❡ HM❡❡ K❡❛M❝❤ ❢♦M ❡❛❝❤ ❣❡♥❡ ✭❇✐♥✐♥❞❛✲❊♠♦♥❞K
✷✳✶✳ ❇❛❝❦❣M♦✉♥❞ ✶✼
❡H ❛❧✳✱ ✷✵✵✷❀ ✐❧❦✐♥K♦♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻❀ ❙H❡❡❧ ❛♥❞ ❘♦❞M✐❣♦✱ ✷✵✵✽❀ ❈♦HH♦♥
❛♥❞ ✐❧❦✐♥K♦♥✱ ✷✵✵✾✮✳ ❘❡K✉❧H✐♥❣ ❣❡♥❡ HM❡❡K ❛M❡ K✉♠♠❛M✐③❡❞ ✇✐H❤ K✉♣❡MHM❡❡ ❝♦♥K❡♥K✉K H❡❝❤♥✐Q✉❡K✳
❚❤❡ K✉♣❡MHM❡❡ ❛♣♣M♦❛❝❤ ❝❛♥ ❢❛✐❧ ❛K K✐♥❣❧❡ ❣❡♥❡K ♠✐❣❤H ♥♦H ❝♦♥H❛✐♥ K✉✣❝✐❡♥H K✐❣♥❛❧ H♦ M❡K♦❧✈❡ H❛M❣❡H❡❞
M❡❧❛H✐♦♥K❤✐♣K✱ ❧❡❛❞✐♥❣ H♦ ✉♥M❡K♦❧✈❡❞ K✉♣❡MHM❡❡K✳ ❚❤❡ ♣M♦❜❧❡♠ ♦❢ ❤♦✇ H♦ ❝♦♠❜✐♥❡ HM❡❡K ✐♥H♦ ❛ K✉♣❡MHM❡❡ ✐K
♥♦H K❛H✐K❢②✐♥❣❧② K♦❧✈❡❞✱ ❞❡K♣✐H❡ M❡❝❡♥H ♣M♦❣M❡KK ✭❍♦❧❧❛♥❞ ❡H ❛❧✳✱ ✷✵✵✼❀ ❙H❡❡❧ ❛♥❞ ❘♦❞M✐❣♦✱ ✷✵✵✽❀ ❈♦HH♦♥
❛♥❞ ✐❧❦✐♥K♦♥✱ ✷✵✵✾✮✳ ■♥ K✐♠✉❧❛H✐♦♥ KH✉❞✐❡K✱ H❤❡ K✉♣❡M♠❛HM✐① ❛♣♣M♦❛❝❤ ❝♦♥K✐KH❡♥H❧② ♦✉H♣❡M❢♦M♠❡❞ H❤❡
K✉♣❡MHM❡❡ ❛♣♣M♦❛❝❤ ✭❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻✮✳ ■HK ❛❞✈❛♥H❛❣❡ ✐K H❤❡ ❢❛❝H H❤❛H HM❡❡ ✐♥❢❡M❡♥❝❡
M❡❧✐❡K ♦♥ ♠❛①✐♠❛❧❧② ❝♦❧❧❡❝H❡❞ ❞❛H❛✴K✐❣♥❛❧ ✭❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻✮✳ ❚❤❡ M❡❧✐❛❜✐❧✐H② ♦❢ HM❡❡K
❝❛♥ ❜❡ ❛❞❞M❡KK❡❞✱ ❢♦M ❡①❛♠♣❧❡ ✇✐H❤ ❜♦♦HKHM❛♣♣✐♥❣ ♦M ♣♦KH❡M✐♦M ♣M♦❜❛❜✐❧✐H✐❡K ♦♥ H❤❡ ❝♦♠♣❧❡H❡ ❞❛H❛ K❡H
✭❋❡❧K❡♥KH❡✐♥✱ ✷✵✵✹❀ ❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻✮✳ ❖♥ H❤❡ ♦H❤❡M ❤❛♥❞✱ K✉♣❡M♠❛HM✐❝❡K ♦❢H❡♥ K❤♦✇
❞❛H❛ K♣❛MK❡♥❡KK✳ ❖♥❧② ✶✵✪ ♦❢ H❤❡ K❡Q✉❡♥❝❡K ♦M ❡✈❡♥ ❧❡KK ♠✐❣❤H ❛❝H✉❛❧❧② ❜❡ ♣M❡K❡♥H ✇✐H❤✐♥ K✉❝❤ ❛
K✉♣❡M♠❛HM✐① ✭❡✳❣✳ ❉M✐K❦❡❧❧ ❡H ❛❧✳✱ ✷✵✵✹❀ ❚❤♦♠K♦♥ ❛♥❞ ❙❤❛✛❡M✱ ✷✵✶✵✮✳ ◆♦✇❛❞❛②K✱ K✉♣❡M♠❛HM✐❝❡K ♦❢
♠♦M❡ H❤❛♥ ✶✵✵ H❛①❛ ❛♥❞ ❣❡♥❡K ❛M❡ ❝♦♥❝❛H❡♥❛H❡❞ ❢M♦♠ ❛✈❛✐❧❛❜❧❡ ❞❛H❛ ✭❙❛♥❞❡MK♦♥ ❛♥❞ ❉M✐K❦❡❧❧✱ ✷✵✵✸❀
❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✹✱ ✷✵✵✾❀ ❉❡❧K✉❝ ❡H ❛❧✳✱ ✷✵✵✺❀ ❉❡ ◗✉❡✐M♦③ ❛♥❞ ●❛H❡K②✱ ✷✵✵✻❀ ❍❛✉K❞♦M❢ ❡H ❛❧✳✱ ✷✵✵✼❀
❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❇♦✉M❧❛H ❡H ❛❧✳✱ ✷✵✵✽❀ ●❛❧H✐❡M ❛♥❞ ❉❛✉❜✐♥✱ ✷✵✵✽❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✽❀ ❙♠✐H❤ ❡H ❛❧✳✱
✷✵✵✾❀ ❙❝❤✐❡M✇❛H❡M ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ ♠❛❥♦M✐H② ♦❢ H❤❡K❡ ❞❛H❛ K❡HK K❤♦✇K ❛ ❧❛M❣❡ ♣❡M❝❡♥H❛❣❡ ♦❢ ♠✐KK✐♥❣
❞❛H❛✳ ■♥ H❤❡ ♣M❡K❡♥H KH✉❞②✱ H❤❡ K✉♣❡M♠❛HM✐① KHM❛H❡❣② ✐K ❛♣♣❧✐❡❞✳
●✐✈❡♥ ❛ K♣❛MK❡ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H②✱ K✐♠✉❧❛H✐♦♥K ❤❛✈❡ K❤♦✇♥ H❤❛H ✷✵✕✸✵✪ K❛H✉M❛H✐♦♥ ♦❢ ❛ K✉♣❡M♠❛HM✐①
♠✐❣❤H K✉✣❝❡ H♦ M❡❝♦♥KHM✉❝H ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K ❝♦MM❡❝H❧② ✭✐❡♥K✱ ✷✵✵✸✮✳ ❍♦✇❡✈❡M✱ H❤❡K❡ K✐♠✲
✉❧❛H✐♦♥K ❤❛✈❡ ❜❡❡♥ ♣❡M❢♦M♠❡❞ ❛KK✉♠✐♥❣ ❛ K✐♠✐❧❛M KHM❡♥❣H❤ ♦❢ ♣❤②❧♦❣❡♥❡H✐❝ K✐❣♥❛❧ ♦❢ ❡❛❝❤ ♠❛M❦❡M ✇❤✐❝❤
✐K ❝❧❡❛M❧② ✉♥M❡❛❧✐KH✐❝✳ ❋M♦♠ ❛♥ ❡♠♣✐M✐❝❛❧ ♣♦✐♥H ♦❢ ✈✐❡✇✱ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ K✐❣♥❛❧ K❤♦✉❧❞ ❜❡ ❛KK✉♠❡❞ ❛♥❞
✐♥❝♦M♣♦M❛H❡❞ ✐♥ K✐♠✉❧❛H✐♦♥ KH✉❞✐❡K H❤❛H ❢❛❝❡ ♣M♦♣❡M ♠❡H❤♦❞K H♦ ❤❛♥❞❧❡ ❧❛M❣❡ ❞❛H❛ K❡HK✳ ■♥ ♦M❞❡M H♦
✐♠♣M♦✈❡ H❤❡ M❡❧✐❛❜✐❧✐H② ♦❢ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✱ ♣M❡❞❡✜♥❡❞ H❤M❡K❤♦❧❞K ♦❢ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ❛M❡ ❢M❡Q✉❡♥H❧②
✉K❡❞ H♦ K❡❧❡❝H ❛ K✉❜K❡H ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K ♠❛✐♥H❛✐♥✐♥❣ ❛ K✉♣❡M♠❛HM✐① ❛♣♣M♦❛❝❤ ✭❡✳❣✳ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀
❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❉✉♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ K❤♦✇❡❞ H❤❛H M❡♠♦✈✐♥❣ ❧❡❛KH K❛H✉M❛H❡❞ H❛①❛ ❛♥❞ ✐♥❝M❡❛K✐♥❣
K❛H✉M❛H✐♦♥ ♦❢ H❤❡✐M K✉♣❡M♠❛HM✐① ❛❜♦✈❡ ✺✵✪✱ ✐♠♣M♦✈❡❞ ♦✈❡M❛❧❧ ❜♦♦HKHM❛♣ K✉♣♣♦MH✱ ❜✉H ♣M❡❞❡✜♥❡❞ H❤M❡K❤✲
♦❧❞K ❛♣♣❡❛M ❛M❜✐HM❛M✐❧② ❝❤♦K❡♥✳ ❙❡✈❡M❛❧ ♣✉❜❧✐❝❛H✐♦♥K H❡KH❡❞ H❤❡ ✐♠♣❛❝H ♦❢ ♠✐KK✐♥❣ ❞❛H❛ ✭❡✳❣✳ ✐❡♥K✱
✷✵✵✸✱ ✷✵✵✻❀ ❙❛♥❞❡MK♦♥ ❛♥❞ ❉M✐K❦❡❧❧✱ ✷✵✵✸❀ ✐❡♥K ❛♥❞ ▼♦❡♥✱ ✷✵✵✽✮✳ ❘❡❧❛H❡❞ H♦ ❛ ❤✐❣❤ ♣❡M❝❡♥H❛❣❡
♦❢ ♠✐KK✐♥❣ ❞❛H❛✱ ♠❡H❤♦❞K ❤❛✈❡ ❜❡❡♥ ❡KH❛❜❧✐K❤❡❞ H♦ K❡❛M❝❤ ❢♦M ❛ ♠❛①✐♠❛❧ ♦M K✉✣❝✐❡♥H ❣❡♥❡ ♦✈❡M❧❛♣
❜❡H✇❡❡♥ H❛①❛✳ ❙✉❣❣❡KH✐♦♥K ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ H♦ K♦❧✈❡ H❤❡K❡ ♣M♦❜❧❡♠K✱ ❡✳❣✳ ✇✐H❤ ♠❛①✐♠❛❧✲❜✐❝❧✐Q✉❡ ❡♥✉✲
♠❡M❛H✐♦♥ ❛❧❣♦M✐H❤♠K ✭❆❧❡①❡ ❡H ❛❧✳✱ ✷✵✵✷❀ ❙❛♥❞❡MK♦♥ ❡H ❛❧✳✱ ✷✵✵✸✮ H❤❛H ✐❞❡♥H✐❢② ❝♦♠♣❧❡H❡ K✉❜K❡HK ♦❢
H❛①❛ ❛♥❞ ❣❡♥❡K ✇❤❡M❡ ❡❛❝❤ K❡Q✉❡♥❝❡ ✐K ❛✈❛✐❧❛❜❧❡✳ ❙✐♥❝❡ ♠❛♥② ❞❛H❛ ♠❛HM✐❝❡K ❛M❡ ❧♦✇❧② K❛H✉M❛H❡❞ ✭❡✳❣✳
< ✶✵✪✱ K❡❡ ❙❛♥❞❡MK♦♥ ❛♥❞ ❉M✐K❦❡❧❧✱ ✷✵✵✸❀ ❉M✐K❦❡❧❧ ❡H ❛❧✳✱ ✷✵✵✹❀ ❚❤♦♠K♦♥ ❛♥❞ ❙❤❛✛❡M✱ ✷✵✶✵✮✱ H❤❡K❡
❛❧❣♦M✐H❤♠K ♦❢H❡♥ ❧❡❛❞ H♦ ✈❡M② K♠❛❧❧ K✉❜K❡HK ♦❢ ❣❡♥❡K ❛♥❞ H❛①❛✳ ❆❧H❡M♥❛H✐✈❡❧②✱ Q✉❛K✐✲❜✐❝❧✐Q✉❡ ❛♣♣M♦❛❝❤❡K
✭❛♥ ❡H ❛❧✳✱ ✷✵✵✺✮ ❛❧❧♦✇ ❛ ♣M❡❞❡✜♥❡❞ H❤M❡K❤♦❧❞ ♦❢ ♠✐KK✐♥❣ ❞❛H❛ ✇❤✐❧❡ H❤❡ ❝♦♥♥❡❝H✐✈✐H② ❜❡H✇❡❡♥ H❛①❛
❛♥❞ ❣❡♥❡K ✐K ❣✉❛M❛♥H❡❡❞✳ ❚❤✐K ✉K✉❛❧❧② ❧❡❛❞K H♦ ❡♥❧❛M❣❡❞ ❞❛H❛ K✉❜K❡HK ✇❤❡M❡ ♠✉❝❤ ♠♦M❡ ✐♥❢♦M♠❛✲
H✐♦♥ ✐K M❡H❛✐♥❡❞✳ ❉❛H❛ ♠❛HM✐❝❡K ❛M❡ ✐♥H❡M♣M❡H❡❞ ❛K ❜✐♣❛MH✐H❡ ❣M❛♣❤K✱ ❛♥❞ ❛❧❣♦M✐H❤♠K K❡❡❦ H♦ ♦♣H✐♠✐③❡
H❤❡ ❝♦♥♥❡❝H✐✈✐H② ♦❢ ❜✐❝❧✐Q✉❡K ♦M ❣✉❛M❛♥H❡❡ H❤❡ ❝♦♥♥❡❝H✐✈✐H② ♦❢ Q✉❛K✐✲❜✐❝❧✐Q✉❡K ❞✉M✐♥❣ H❤❡ M❡❞✉❝H✐♦♥ H♦
K✉❜♠❛HM✐❝❡K✳ ❈✉MM❡♥H❧②✱ H❤❡ ❛♣♣❧✐❝❛H✐♦♥ ♦❢ ❜♦H❤ ❛♣♣M♦❛❝❤❡K ♦♥ ❧❛M❣❡ ❞❛H❛ K❡HK ✐K M❡KHM✐❝H❡❞ ❞✉❡ H♦
◆✲❝♦♠♣❧❡H❡ ❝♦♠♣✉H❛H✐♦♥❛❧ ♣M♦❜❧❡♠K ✭❉❛✇❛♥❞❡ ❡H ❛❧✳✱ ✷✵✵✶❀ ❉✐❛K ❡H ❛❧✳✱ ✷✵✵✼✮✳
♣ H♦ ♥♦✇✱ ♥❡✐H❤❡M KH✉❞✐❡K ✇✐H❤ ♣M❡❞❡✜♥❡❞ H❤M❡K❤♦❧❞K ♥♦M ❛❧❣♦M✐H❤♠K ❞❡❛❧✐♥❣ ✇✐H❤ ❣❡♥❡ ♦✈❡M❧❛♣
❜❡H✇❡❡♥ H❛①❛ ❤❛✈❡ ❝♦♥K✐❞❡M❡❞ ❛✮ K✐❣♥❛❧ ❤❡H❡M♦❣❡♥❡✐H② ✇✐H❤✐♥ H❤❡ ❞❛H❛ K❡H ♦M ❜✮ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H
✭■❈✮ ♦❢ K✐♥❣❧❡ ❣❡♥❡K ❛♥❞ H❛①❛ H♦ K❡❧❡❝H ✬♦♣H✐♠❛❧✬ ❞❛H❛ ♠❛HM✐❝❡K✳ ❆❧❧ ❛♣♣M♦❛❝❤❡K ✇♦M❦ ❡①❝❧✉K✐✈❡❧②
✶✽ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
✇✐H❤ ♣M❡K❡♥❝❡|❛❜K❡♥❝❡ ♠❛HM✐❝❡K✳ ❚❤✐K H❤❡K✐K ✐K H❤❡ ✜MKH ❡♠♣✐M✐❝❛❧ KH✉❞② H❤❛H ❛♣♣❧✐❡K ❛ ♥❡✇ ❛♣♣M♦❛❝❤ ♦❢
M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ♦❢ K✉♣❡M♠❛HM✐❝❡K H♦ K❡❧❡❝H ❛♥ ♦♣H✐♠❛❧ ❞❛H❛ ✭K✉❜✮K❡H ✇✐H❤ ❤✐❣❤ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✳
❚❤❡ ❛♣♣❧✐❡❞ ❛♣♣M♦❛❝❤✱ ▼❆❘❊ ✭▼❆HM✐① ❘❊❞✉❝H✐♦♥✮✱ ❤❛K ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② ♦✉M ✇♦M❦ ❣M♦✉♣ ✭▼✐K♦❢ ❡H
❛❧✳✱ ✐♥ ♣O❡♣✳✮✳ ■H ✐♥❝♦M♣♦M❛H❡K ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H M❡✢❡❝H✐♥❣ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ♦❢ ❡❛❝❤ ❣❡♥❡ ✇✐H❤✐♥ ❛
❧❛M❣❡ ❞❛H❛ ♠❛HM✐①✳ ❙✉❜K❡Q✉❡♥H❧②✱ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ✐♠♣❧❡♠❡♥HK H❤✐K ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✇❤✐❝❤ ✐K
❜❛K❡❞ ♦♥ ❣❡♦♠❡HM② Q✉❛MH❡H ♠❛♣♣✐♥❣ ✭❊✐❣❡♥ ❡H ❛❧✳✱ ✶✾✽✽❀ ◆✐❡K❡❧H✲❙HM✉✇❡✱ ✶✾✾✼❀ ◆✐❡K❡❧H✲❙HM✉✇❡ ❛♥❞
✈♦♥ ❍❛❡K❡❧❡M✱ ✷✵✵✶❀ ●Mm♥❡✇❛❧❞ ❡H ❛❧✳✱ ✷✵✵✼✮✳ ❆♥ ♦♣H✐♠❛❧ K✉❜K❡H ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K ✭❙❖❙✮ ✇✐H❤ ❤✐❣❤
✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭■❈✮ ✐K K❡❧❡❝H❡❞✳ ❚❤❡M❡❜② ❛K ♠✉❝❤ H❛①❛ ❛K ♣♦KK✐❜❧❡ ❛M❡ M❡H❛✐♥❡❞ H♦✇❛M❞K ❛ ❜❛❧❛♥❝❡❞
H❛①♦♥✲❣❡♥❡ M❛H✐♦✳
^❤②❧♦❣❡♥♦♠✐❝N L♦ ✐♥❢❡P ❛PL❤P♦♣♦❞ ♣❤②❧♦❣❡♥②
▼♦KH ♣❤②❧♦❣❡♥♦♠✐❝ ❛♣♣M♦❛❝❤❡K ❝♦♥K✐❞❡M✐♥❣ ❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ❤❛✈❡ ❜❡❡♥ ❢♦❝✉K❡❞ ♦♥ K✉❜HM❡❡K✱
❢♦M ❡①❛♠♣❧❡ ♦♥ ❛♥❝M✉KH❛❝❡❛ ✭❚✐♠♠❡M♠❛♥K ❡H ❛❧✳✱ ✷✵✵✽❀ ❆❧❡K❤✐♥ ❡H ❛❧✳✱ ✷✵✵✾✮ ♦M ♦♥ ❡♥❞♦♣H❡M②❣♦H❡
✐♥K❡❝HK ✭✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❖H❤❡MK ❝♦♥K✐❞❡M❡❞ ❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ♦♥❧② ✐♥ ❛ ✇✐❞❡M ❝♦♥H❡①H✱
❢♦M ❡①❛♠♣❧❡ ❛❞❞M❡KK✐♥❣ ❊❝❞②K♦③♦❛ ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼✮✳ ❙H✉❞✐❡K ✇✐H❤ ❛ K✉❜KH❛♥H✐❛❧ ❛MH❤M♦♣♦❞ H❛①♦♥
K❛♠♣❧✐♥❣ ♠❛✐♥❧② ❡①✐KH ❢♦M K✐♥❣❧❡ ❣❡♥❡ ❛♥❛❧②K❡K ✭❡✳❣✳ M❘◆❆ ❣❡♥❡K✱ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ❉❡❧❧✬❆♠♣✐♦
❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ ❧❛M❣❡KH ❛MH❤M♦♣♦❞ ❞❛H❛ K❡HK ✇❡M❡ ♣✉❜❧✐K❤❡❞ ❜② ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ❘❡❣✐❡M ❡H ❛❧✳
✭✷✵✶✵✮✳ ■♥ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✵✽✮✱ ❛ ♣❤②❧♦❣❡♥② ✇❛K ✐♥❢❡MM❡❞ ❢M♦♠ ✺✻ ❡✉❛MH❤M♦♣♦❞ H❛①❛ ♣❧✉K K✐① H❛M❞✐❣M❛❞❡K✳
❆♠♣❧✐✜❝❛H✐♦♥ ♦❢ ❛❧❧ ✻✽ ❣❡♥❡ M❡❣✐♦♥K ✇❛K K✉❝❝❡KK❢✉❧ ❢♦M ♦♥❧② ✶✸ ♣❛♥❛MH❤M♦♣♦❞ H❛①❛✳ ❚❤✉K✱ H❤❡ ❞❛H❛
♠❛HM✐① ❝♦♥K✐❞❡M✐♥❣ ❛❧❧ H❛①❛ ❝♦✈❡M❡❞ ✻✽ ❣❡♥❡ ❢M❛❝H✐♦♥K ❢♦M H❤❡K❡ ✶✸ ♣❛♥❛MH❤M♦♣♦❞K ♣❧✉K H❤M❡❡ ❣❡♥❡K ❢♦M
M❡♠❛✐♥✐♥❣ ✹✾ K♣❡❝✐❡K✳ ❚❤❡ ❞❛H❛ K❡H ❝♦♠♣M✐K❡K ✹✶ ❦❜ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ✭♥✉❝❧❡♦H✐❞❡ ❧❡✈❡❧✮✱ ✇✐H❤
✼✶✪ ♠✐KK✐♥❣ ❞❛H❛✳ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✶✵✮ ❝♦♠♣❧❡♠❡♥H❡❞ H❤❡✐M ♣M❡✈✐♦✉K ❞❛H❛ K❡H ❛♥❞ M❡❧✐❡❞ ♦♥ K❡❧❡❝H❡❞
✻✷ ♥✉❝❧❡❛M ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ❢♦M ✼✺ ❛MH❤M♦♣♦❞ H❛①❛✳ ❍♦✇❡✈❡M✱ ♣M♦H✉M❛♥K ❛M❡ ♠✐KK✐♥❣ ✐♥ H❤❡✐M
❛♥❛❧②K❡K✳ ❆H ❛♠✐♥♦ ❛❝✐❞ ❧❡✈❡❧✱ H❤❡ ❞❛H❛ K❡H ✐K M❡❧❛H✐✈❡❧② K♠❛❧❧ ✭❛M♦✉♥❞ ✶✸✱✵✵✵ ❛♠✐♥♦ ❛❝✐❞ ♣♦K✐H✐♦♥K✮✳
❙♦♠❡ K♣❧✐HK ❧✐❦❡ H❤❡ ♣M♦♣♦K❡❞ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❤❡①❛♣♦❞K ❛♥❞ ✬❡♥♦❝❛M✐❞❛✬ ✭❂ ❘❡♠✐♣❡❞✐❛
✰ ❈❡♣❤❛❧♦❝❛M✐❞❛✮✱ M❡♠❛✐♥ ❛♠❜✐❣✉♦✉K✳ ❋♦M ❜♦H❤ KH✉❞✐❡K ♦❢ ❘❡❣✐❡M ❡H ❛❧✳✱ ❞❛H❛ ✇❡M❡ ♦❜H❛✐♥❡❞ ❜② ❣❡♥❡
❛♠♣❧✐✜❝❛H✐♦♥ ✇✐H❤ K♣❡❝✐❛❧❧② ❞❡K✐❣♥❡❞ H❛M❣❡H❡❞ ♣M✐♠❡MK ♦❢ ♣M✐♦M K❡❧❡❝H❡❞✱ K✐♥❣❧❡ ❣❡♥❡K ❢M♦♠ ❝❉◆❆✳ ❚❤❡
❛✉H❤♦MK ❤❛✈❡ ✇♦M❦❡❞ ♦♥ H❤✐K ❞❛H❛ K❡H K✐♥❝❡ ✷✵✵✶ ❛♥❞ K✉❝❤ ❛♥ ❛♣♣M♦❛❝❤ K❡❡♠K ✈❡M② H✐♠❡ ❝♦♥K✉♠✐♥❣ ✇✐H❤
❛ ❣M❡❛H ❧❛❜♦M❛H♦M② ❡✛♦MH ✭❤@@♣✿✴✴✇✇✇✳❜✐♦❧♦❣②✳❞✉❦❡✳❡❞✉✴❝✉♥♥✐♥❣❤❛♠✴❉❡❡♣❆D@❤D♦♣♦❞✳❤@♠❧✮✳
❍❡M❡✱ ❛ ♣❤②❧♦❣❡♥♦♠✐❝ ❊❙❚✲❜❛K❡❞ ❛♣♣M♦❛❝❤ ✐K ♣M❡K❡♥H❡❞ ✇✐H❤ H❤❡ ❝✉MM❡♥H❧② ❧❛M❣❡KH ❛MH❤M♦♣♦❞ ❞❛H❛
K❡H✳ ❚❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H ❝♦✈❡MK ❛❧❧ ♠❛❥♦M ❛MH❤M♦♣♦❞ ❝❧❛❞❡K ❛♥❞ ❝♦♠♣M✐K❡K ✷✸✸ H❛①❛ ♦❢ ✇❤✐❝❤ ✷✷✷
K♣❡❝✐❡K ❛M❡ ❡✉❛MH❤M♦♣♦❞K✳ ❉❛H❛ ♦❢ ❢♦✉M ♥❡✇ ❊❙❚ ♣M♦❥❡❝HK ❢M♦♠ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K ✭❛❧❧ ❡♥H♦❣✲
♥❛H❤♦✉K ♦M❞❡MK ❛♥❞ ❜M✐KH❧❡H❛✐❧K✮ ❤❛✈❡ ❜❡❡♥ K✉❝❝❡KK❢✉❧❧② ❣❡♥❡M❛H❡❞ ❛♥❞ ❛M❡ ✐♥❝❧✉❞❡❞ ✐♥ H❤✐K KH✉❞②✳ ■H
✐K ❝M✉❝✐❛❧ H♦ ❝♦✈❡M ❛H ❧❡❛KH ❛❧❧ ❡♥H♦❣♥❛H❤♦✉K ♦M❞❡MK ✇❤❡♥ ❛❞❞M❡KK✐♥❣ Q✉❡KH✐♦♥K ♦❢ ❜❛K❛❧ ❡✉❛MH❤M♦♣♦❞
K♣❧✐HK ✭K❡❡ K❡❝H✐♦♥ ✷✳✶✳✷✮✳ ❉❛H❛ ♦❢ ♥✐♥❡ ♥❡✇ ❊❙❚ ♣M♦❥❡❝HK ❝♦✈❡M✐♥❣ ✈❡❧✈❡H ✇♦M♠K✱ ♠②M✐❛♣♦❞K✱ K❡❛
K♣✐❞❡MK✱ ❡✉❝❤❡❧✐❝❡M❛H❡K✱ ♥♦♥✲♠❛❧❛❝♦KHM❛❝❛♥ ❝M✉KH❛❝❡❛♥K ❛♥❞ ♣H❡M②❣♦H❡ ✐♥K❡❝HK ✇❡M❡ ❦✐♥❞❧② ♣M♦✈✐❞❡❞ ❜②
❝♦♦♣❡M❛H✐♦♥ ♣❛MH♥❡MK ✇✐H❤✐♥ H❤❡ ❙ ✶✶✼✹ ✭❇✉M♠❡KH❡M✴❘♦❡❞✐♥❣✱ ❇✐♦③❡♥HM✉♠ ●M✐♥❞❡❧✱ ♥✐✈❡MK✐H② ♦❢
❍❛♠❜✉M❣❀ u❣❡❧❡✴✈✳ ❘❡✉♠♦♥H✱ ❋▼❑ ❇♦♥♥ ❛♥❞ ❍❛❞M②K✴❙✐♠♦♥✱ ■❚ ❍❛♥♥♦✈❡M✱ ✭❚❛❜✳ ❆✳✶✮✳ ❘❡✲
❝❡♥H❧② ❞❡✈❡❧♦♣❡❞ ♠❡H❤♦❞K ❢♦M ♦MH❤♦❧♦❣② ♣M❡❞✐❝H✐♦♥ ✭❍❛▼❙H❘✱ ❊❜❡MK❜❡M❣❡M ❡H ❛❧✳✱ ✷✵✵✾✮ ❛♥❞ ❛❧✐❣♥♠❡♥H
♠❛K❦✐♥❣ ✭❆❧✐K❝♦M❡✱ ▼✐K♦❢ ❛♥❞ ▼✐K♦❢✱ ✷✵✵✾❀ ❑m❝❦ ❡H ❛❧✳✱ ✷✵✶✵✮ ❤❛✈❡ ❜❡❡♥ ✉K❡❞✳ ◆❡✇ M❡❞✉❝H✐♦♥ ❤❡✉M✐K✲
H✐❝K ✭▼❆❘❊✮ ❤❛K ❜❡❡♥ ❛♣♣❧✐❡❞✳ ❚❤❡ ❢✉❧❧ ❞❛H❛ K❡H ❝♦♠♣M✐K❡K ✷✸✸ H❛①❛ ❛♥❞ ✼✼✺ ❣❡♥❡K✳ ❚❤❡ K❡❧❡❝H❡❞
♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ K♣❛♥K ♠♦M❡ H❤❛♥ ✸✼✱✵✵✵ ❛♠✐♥♦ ❛❝✐❞ ♣♦K✐H✐♦♥K✱ ❝♦✈❡MK ✶✷✾ ❣❡♥❡K ❛♥❞ ♠♦M❡ H❤❛♥
✶✵✵ ❡✉❛MH❤M♦♣♦❞ K♣❡❝✐❡K✳
✷✳✶✳ ❇❛❝❦❣M♦✉♥❞ ✶✾
✷✳✶✳✷✳ ❆✈❛✐❧❛❜❧❡ ❛♥❞ ♥❡✇ ❊❙❚ ❞❛B❛ ❢♦F ❛FB❤F♦♣♦❞ ♣❤②❧♦❣❡♥♦♠✐❝D
■♥H❡M♥❛H✐♦♥❛❧❧②✱ ❊❙❚ ❛♥❛❧②K❡K ✇✐H❤ ❛ ♣❤②❧♦❣❡♥❡H✐❝ ❜❛❝❦❣M♦✉♥❞ ❛M❡ ✉♥❞❡M ✇❛② ❢♦M ❡①❛♠♣❧❡ ✐♥ ❊♥❣❧❛♥❞✱
▲❛❜♦M❛H♦M② ♦❢ ❆✳ ♦❣❧❡M✱ ❙✐❧❧✇♦♦❞ ❈♦❧❧❡❣❡ ✭♣❡MK✳ ❝♦♠♠✳✮ ❛♥❞ H❤❡ ❙✱ ❤✐H✐♥❣ ▲❛❜✱ M♦✈♦✱ H❛❤ ✭♣❡MK✳
❝♦♠♠✳✮✱ ❤♦♣✐♥❣ H♦ ❞❡M✐✈❡ ❛ M♦❜✉KH ■♥K❡❝H ❚M❡❡ ♦❢ ▲✐❢❡✳ ■♥ H❤❡ ❧❛KH H✇♦ ②❡❛MK✱ H❤❡ ♥✉♠❜❡M ♦❢ ❛MH❤M♦♣♦❞
❊❙❚ ♣M♦❥❡❝HK ✐♥❝M❡❛K❡❞ K✉❜KH❛♥H✐❛❧❧②✱ ❜✉H ✇✐H❤ ❛ KHM♦♥❣ ❜✐❛K H♦✇❛M❞K ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ❚❤❡ ❞❛H❛
❛✈❛✐❧❛❜✐❧✐H② ♦❢ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K✱ ♥♦♥✲❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✱ ♥♦♥✲♠❛❧❛❝♦KHM❛❝❛♥ ❝M✉KH❛❝❡❛♥K ❛♥❞
♠②M✐❛♣♦❞K ✐K KH✐❧❧ ♣♦♦M✳ ✐H❤✐♥ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞K✱ H❤M❡❡ ♦❢ ❢♦✉M ♦M❞❡MK✱ M♦H✉M❛✱ ❉✐♣❧✉M❛ ❛♥❞
❆M❝❤❛❡♦❣♥❛H❤❛✱ ❛M❡ ♠✐KK✐♥❣✳ ❋✉MH❤❡M ♦♥✱ H❤❡ ♥✉♠❜❡M ♦❢ K❡Q✉❡♥❝❡❞ ❝♦♥H✐❣K ✐K ✈❡M② ❤❡H❡M♦❣❡♥❡♦✉K
✭❞❜❊❙❚✱ ◆❈❇■✮✳ ❋✐✈❡ ❊❙❚ ♣M♦❥❡❝HK ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐K❤❡❞ ♦♥ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K ✭❛❝❝❡KK ❏❛♥✉❛M②
✷✵✵✾✮✿ ❢♦✉M K♣M✐♥❣H❛✐❧K✱ ❖O❝❤❡N❡❧❧❛ ❝✐♥❝M❛ ✭✷✽ ❊❙❚K✮✱ ❋♦❧N♦♠✐❛ ❝❛♥❞✐❞❛ ✭✽✱✼✵✸ ❊❙❚K✮✱ ❖♥②❝❤✐✉O✉N
❛O❝M✐❝✉N ✭✶✻✱✸✼✾ ❊❙❚K✮✱ ❈O②♣M♦♣②❣✉N ❛♥M❛O❝M✐❝✉N ✭✶✱✶✽✵ ❊❙❚K✮ ❛♥❞ ♦♥❡ K✐❧✈❡M✜K❤✱ ❚O✐❝❤♦❧❡♣✐N♠❛
❛✉O❡❛ ✭✹✷✺ ❊❙❚K✮✳ ✉❜❧✐K❤❡❞ ❊❙❚ ❞❛H❛ ♦♥ K♣M✐♥❣H❛✐❧K ❝♦♠♣M✐K❡ ❡✐H❤❡M ❤✐❣❤❧② ❞❡M✐✈❡❞ K♣❡❝✐❡K ✭❋♦❧N♦♠✐❛
❝❛♥❞✐❞❛✮ ♦M K♣❡❝✐❡K ❛❞❛♣H❡❞ H♦ ❛♥ ❡❝♦❧♦❣✐❝❛❧❧② ❡①HM❡♠❡ ❤❛❜✐H❛H ✭❖✳ ❛O❝M✐❝✉N ♦M ❈✳ ❛♥M❛O❝M✐❝✉N✮✳ ❖♥❧②
H✇♦ ❊❙❚ ♣M♦❥❡❝HK ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐K❤❡❞ ♦♥ ♠②M✐❛♣♦❞K✱ ✭❏✉❧✐❞❛ K♣✳ ❆✲✷✵✵✺✱ ❉✐♣❧♦♣♦❞❛✱ ✹✺✸ ❊❙❚K
❛♥❞ ❙❝✉M✐❣❡O❛ ❝♦❧❡♦♣MO❛M❛✱ ❈❤✐❧♦♣♦❞❛✱ ✷✱✹✵✵ ❊❙❚K✮✳
❚❤❡ ❛MH❤M♦♣♦❞ HM❡❡ ♦❢ ❧✐❢❡ ❝❛♥♥♦H ❜❡ M❡❧✐❛❜❧② M❡❝♦♥KHM✉❝H❡❞ ✇✐H❤♦✉H ❝♦✈❡M✐♥❣ ♣M✐♠❛M② ✇✐♥❣❧❡KK
❤❡①❛♣♦❞K ♦M ♠②M✐❛♣♦❞K✳ ❊K♣❡❝✐❛❧❧②✱ ❞❛H❛ ♦❢ M♦H✉M❛✱ ❉✐♣❧✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛ ♠✉KH ❜❡ ❝❤❛M❛❝H❡M✐③❡❞
✐❢ ❤②♣♦H❤❡K❡K ❝♦♥❝❡M♥✐♥❣ ❤❡①❛♣♦❞K ❛M❡ ❛❞❞M❡KK❡❞✳ ❉❛H❛ K❡HK ✇❤✐❝❤ ❝♦✈❡M ❛❧❧ ❡♥H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞K✱
❤♦✇❡✈❡M✱ ❛M❡ ✈❡M② K♣❛MK❡ ❛♥❞ M❡KHM✐❝H❡❞ H♦ M❘◆❆ ❣❡♥❡K ✭❡✳❣✳ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀
❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✮✳ ▲✐❦❡✇✐K❡ ❝M✉❝✐❛❧ ✐K ❛♥
✐♥❝M❡❛K❡❞ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ♦❢ ♠②M✐❛♣♦❞K✳
❋♦M H❤❡ ♣M❡K❡♥H KH✉❞②✱ K♣❡❝✐♠❡♥K ♦❢ ❢♦✉M M❡♣M❡K❡♥H❛H✐✈❡ K♣❡❝✐❡K✱ ❡❛❝❤ ❝♦✈❡M✐♥❣ ❛ ♣M✐♠❛M② ✇✐♥❣❧❡KK
❤❡①❛♣♦❞ ♦M❞❡M ✭❋✐❣✳ ✷✳✶✮✱ ✇❡M❡ K❛♠♣❧❡❞ H♦ ❣❡♥❡M❛H❡ ❊❙❚ ❧✐❜M❛M✐❡K✿ ❆❝❡O❡♥M♦♠♦♥ ❢O❛♥③✐ ✭M♦H✉M❛✮✱
❈❛♠♣♦❞❡❛ ❝❢✳ ❢O❛❣✐❧✐N ✭❉✐♣❧✉M❛✮✱ ❆♥✉O✐❞❛ ♠❛O✐M✐♠❛ ✭❈♦❧❧❡♠❜♦❧❛✮ ❛♥❞ ▲❡♣✐N♠❛❝❤✐❧✐N ②✲N✐❣♥❛M❛ ✭❆M✲
❝❤❛❡♦❣♥❛H❤❛✮✳ ❉❛H❛ ♦❢ ❛❧❧ ❢♦✉M K♣❡❝✐❡K ❤❛✈❡ ❜❡❡♥ K✉❝❝❡KK❢✉❧❧② ✐♥❝❧✉❞❡❞ ✐♥ H❤❡ ❊❙❚ ❛♥❛❧②K❡K ✭❚❛❜✳
✷✳✶✮✳ ❙❡Q✉❡♥❝❡K ❤❛✈❡ ❜❡❡♥ ❞❡♣♦K✐H❡❞ ✐♥ ❊▼❇▲ ❛♥❞ ●❡♥❇❛♥❦ ✭◆❈❇■✮✳
✷✳✶✳✸✳ ❖FB❤♦❧♦❣② ♣F❡❞✐❝B✐♦♥ ✕ ❍❛▼❙B❘
❛M❛❧♦❣♦✉K ❣❡♥❡K ❛M✐K❡ ❢M♦♠ ❣❡♥❡ ❞✉♣❧✐❝❛H✐♦♥ ❛♥❞ ❛M❡ ♥♦H ❛♣♣M♦♣M✐❛H❡ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ❜❡✲
❝❛✉K❡ H❤❡② ♣♦H❡♥H✐❛❧❧② ❛M❡ ✐♥ ❝♦♥✢✐❝H ✇✐H❤ K♣❡❝✐❡K HM❡❡K✳ ❙✐♥❝❡ H❤❡ ♣M✐♠❡ ❣♦❛❧ ♦❢ ❜✉✐❧❞✐♥❣ ♣❤②❧♦❣❡♥❡H✐❝
HM❡❡K ✐K H♦ ❞❡❝✐♣❤❡M H❤❡ ❡✈♦❧✉H✐♦♥❛M② M❡❧❛H✐♦♥K❤✐♣K ❛♠♦♥❣ ♦M❣❛♥✐K♠K ❜❛K❡❞ ♦♥ H❤❡✐M K❤❛M❡❞ ❝♦♠♠♦♥
❛♥❝❡KHM②✱ ♦♥❧② ♦MH❤♦❧♦❣♦✉K K❡Q✉❡♥❝❡K K❤♦✉❧❞ ❜❡ ✉K❡❞✳ ❙❡✈❡M❛❧ ❞✐✛❡M❡♥H ❛♣♣M♦❛❝❤❡K H♦ ✐❞❡♥H✐❢② ♦M✲
H❤♦❧♦❣♦✉K K❡Q✉❡♥❝❡K ❤❛✈❡ ❜❡❡♥ ♣M♦♣♦K❡❞ ✭▲✐ ❡H ❛❧✳✱ ✷✵✵✸❀ ❙❝❤M❡✐❜❡M ❡H ❛❧✳✱ ✷✵✵✾❀ ❊❜❡MK❜❡M❣❡M ❡H ❛❧✳✱
✷✵✵✾✮✳ ❚❤❡ H❡❝❤♥✐Q✉❡ ♦❢ M❡❝✐♣M♦❝❛❧ ❇▲❆❙❚ ❤❛K M❡❝❡✐✈❡❞ H❤❡ ♠♦KH ❛HH❡♥H✐♦♥ ✭❈❤❡♥ ❡H ❛❧✳✱ ✷✵✵✼✮✳
❉✉♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛❧K♦ ✉K❡❞ ❛ K♦MH ♦❢ M❡❝✐♣M♦❝❛❧ ❇▲❆❙❚ H♦ ✐❞❡♥H✐❢② ♦MH❤♦❧♦❣♦✉K K❡Q✉❡♥❝❡K✳ ■♥ H❤❡
♣M❡K❡♥H KH✉❞②✱ ❍❛▼❙H❘ ✭❍✐❞❞❡♥ ▼❛M❦♦✈ ▼♦❞❡❧ ❜❛K❡❞ ❙❡❛M❝❤ ❢♦M ❖MH❤♦❧♦❣K ✉K✐♥❣ ❘❡❝✐♣M♦❝✐H②✮ ❤❛K
❜❡❡♥ ❛♣♣❧✐❡❞ ✭❊❜❡MK❜❡M❣❡M ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❍❛▼❙H❘ ✉K❡K HM❛✐♥❡❞ ♣M♦✜❧❡ ❍✐❞❞❡♥ ▼❛M❦♦✈ ▼♦❞❡❧K ✭❍▼▼K
❉✉M❜✐♥ ❡H ❛❧✳✱ ✶✾✾✽✮ ❛♥❞ ❛ M❡❝✐♣M♦❝❛❧ ❜❧❛KH ❝M✐H❡M✐♦♥ ✭❆❧HK❝❤✉❧ ❡H ❛❧✳✱ ✶✾✾✼✮ H♦ ✐❞❡♥H✐❢② ♦MH❤♦❧♦❣♦✉K
K❡Q✉❡♥❝❡K✳ ❍❛▼❙H❘ ✐K ❡♠❜❡❞❞❡❞ ✐♥ ❛♥ ❛♥❛❧②K✐K ♣✐♣❡❧✐♥❡ ❛♥❞ ✇❛K ❡KH❛❜❧✐K❤❡❞ ❜② H❤❡ ❈■❇■✱ ✐❡♥♥❛
✇✐H❤✐♥ H❤❡ ♣M✐♦M✐H② ♣M♦❣M❛♠ ❙ ✶✶✼✹✳
✷✵ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❋✐❣✉M❡ ✷✳✶✳✿ ❙♣❡❝✐❡@ ✉@❡❞ ❢♦A ❊❙❚ ♣A♦❥❡❝>@✳ ❙♣❡❝✐♠❡♥@ ✇❡A❡ @❛♠♣❧❡❞ ❛♥❞ ♣A❡@❡A✈❡❞ ❢♦A ❘◆❆ ❡①>A❛❝>✐♦♥ ✐♥ ✷✵✵✼ ❛♥❞
✷✵✵✽✳ e❤♦>♦❣A❛♣❤@ ❞♦ ♥♦> A❡✢❡❝> >❤❡ ♦A✐❣✐♥❛❧ @♣❡❝✐♠❡♥@ @✐③❡✳ ❛ ❚❤A❡❡ @♣❡❝✐♠❡♥@ ♦❢ ❆❝❡A❡♥=♦♠♦♥ ❢A❛♥③✐✱
eA♦>✉A❛ ✭❝❛✳ ∼✷✳✺ ① ✵✳✺♠♠✮✱ ❝ ❏✳ ❉❛♠❜❛❝❤ ✫ ❑✳ ▼❡✉@❡♠❛♥♥✳ ❜ ❙♣❡❝✐♠❡♥ ♦❢ ❈❛♠♣♦❞❡❛ ❢A❛❣✐❧✐?✱ ❉✐♣❧✉A❛
✭∼✺ ① ✷♠♠✮✱ ❝ ♥✐✈❡A@✐>② ♦❢ ❇A❛>✐@❧❛✈❛✱ ❙❧♦✈❛❦✐❛✱ ♦♦❧♦❣✐❝❛❧ ❉❡♣❛A>♠❡♥> ✭❤??♣✿✴✴③♦♦❧♦❣②✳❢♥A✳✉♥✐❜❛✳
A❦✴♣♦③♥❛✈❛❝❦❛✴✐♠❛❣❡A✴✸✶❈❛♠♣♦❞❡❛❢C❛❣✐❧✐A✳❥♣❣✮✳ ❝ ❙♣❡❝✐♠❡♥ ♦❢ ❆♥✉A✐❞❛ ♠❛A✐=✐♠❛✱ ❈♦❧❧❡♠❜♦❧❛ ✭∼✸
① ✷♠♠✮✱ ❝ ❙>❡✈❡ ❍♦♣❦✐♥ ✭❤??♣✿✴✴✇✇✇✳A?❡✈❡❤♦♣❦✐♥✳❝♦✳✉❦✮✳ ❞ ❙♣❡❝✐♠❡♥ ♦❢ ▲❡♣✐?♠❛❝❤✐❧✐? ②✲?✐❣♥❛=❛✱





✷✳✶✳✹✳ ❘❡❞✉❝B✐♦♥ ❤❡✉F✐DB✐❝D ✕ ▼❆❘❊✿ ❛ ♥❡✇ ❛♣♣F♦❛❝❤ ❢♦F ❣❡♥❡✲ ❛♥❞ B❛①❛ D❡❧❡❝B✐♦♥
❆ K♣❛MK❡ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✐K ♠♦KH❧② ♦❜K❡M✈❡❞ ✇✐H❤✐♥ ❧❛M❣❡ K✉♣❡M♠❛HM✐❝❡K ✇❤✐❝❤ ②✐❡❧❞ ♠❛♥② ❣❡♥❡K ❛♥❞
♠❛♥② H❛①❛ ✭❡✳❣✳ ❉M✐K❦❡❧❧ ❡H ❛❧✳✱ ✷✵✵✹✮✳ ❚❤✐K ♣M♦♠♣HK K❡✈❡M❛❧ H❡❝❤♥✐❝❛❧ Q✉❡KH✐♦♥K✿ ❍♦✇ ❝❛♥ ❣❡♥❡K ❛♥❞
H❛①❛ ❜❡ ♣M♦♣❡M❧② K❡❧❡❝H❡❞❄ ❤✐❝❤ ♣❡M❝❡♥H❛❣❡ ♦❢ ❞❛H❛ M❡❧❛H✐✈❡ H♦ ♠✐KK✐♥❣ ✐♥❢♦M♠❛H✐♦♥ ✐K ♥❡❝❡KK❛M② H♦
❛✈♦✐❞ K②KH❡♠❛H✐❝ ❡MM♦M❄ ♦KK✐❜❧❡ K♦❧✉H✐♦♥K ♠✐❣❤H ❜❡ ❞❡♣❡♥❞❡♥H ♦♥ H❤❡ ❞❛H❛ K❡H ❛♥❞ ✐HK HM❛✐HK✱ ❧✐❦❡ H❛①♦♥
❝❤♦✐❝❡✱ K✐❣♥❛❧ ❤❡H❡M♦❣❡♥❡✐H② ✇✐H❤✐♥ H❤❡ ♠❛HM✐①✱ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ✭♠✐KK✐♥❣✮ ❞❛H❛✱ ❡H❝✳ ❋♦M K✐♠✉❧❛H✐♦♥K ✇✐H❤
✺✵ ① ✺✵ K✉♣❡M♠❛HM✐❝❡K ✭✶✵✕✸✵✪ K❛H✉M❛H✐♦♥ ❛♥❞ ❤❡H❡M♦❣❡♥❡♦✉K K✐❣♥❛❧ ❛♠♦♥❣ ❣❡♥❡K✮ ✐H ❤❛K ❜❡❡♥ K❤♦✇♥
✷✳✶✳ ❇❛❝❦❣M♦✉♥❞ ✷✶
H❤❛H ❝♦MM❡❝H HM❡❡K ❝❛♥♥♦H ❜❡ M❡❝♦♥KHM✉❝H❡❞ ❜❡❧♦✇ ✸✵✪ K❛H✉M❛H✐♦♥ ✭▼✐K♦❢ ❡H ❛❧✳✱ ✐♥ ♣O❡♣✳✮✳ ▼♦KH ❧❛M❣❡
❞❛H❛ K❡HK K❤♦✇ ❧❡KK K❛H✉M❛H✐♦♥ ♣M✐♦M H♦ K❡❧❡❝H✐♦♥ ✭❡✳❣✳ ❉M✐K❦❡❧❧ ❡H ❛❧✳✱ ✷✵✵✹❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❙✐♠♦♥
❡H ❛❧✳✱ ✷✵✵✾✮✳ ◆♦♥❡ ♦❢ ♣✉❜❧✐K❤❡❞ ♣❤②❧♦❣❡♥♦♠✐❝ KH✉❞② ♣M♦✈✐❞❡K ✐♥❢♦M♠❛H✐♦♥✱ ❛❜♦✉H K✐❣♥❛❧ ♦❢ K❡❧❡❝H❡❞
❣❡♥❡K✳ ❚♦ ❤❛♥❞❧❡ H❤✐K ✐KK✉❡✱ ▼✐K♦❢ ❡H ❛❧✳ ✭✐♥ ♣O❡♣✳✮ ❞❡✈❡❧♦♣❡❞ ❛♥ ❛❧H❡M♥❛H✐✈❡ H♦ ❡①✐KH✐♥❣ ❛♣♣M♦❛❝❤❡K✳
❚❤❡ ✐❞❡❛ ❜❡❤✐♥❞ H❤❡ ♥❡✇ ❛♣♣M♦❛❝❤ ✐K H♦ M❡❞✉❝❡ ❡✛❡❝HK ♦❢ ✉♥❞❡M✲K❛♠♣❧✐♥❣ ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K✱ ❛♥❞ ✜❧H❡M
❣❡♥❡K ✇✐H❤ ♥♦ ✭♦M ♣♦♦M✮ K✐❣♥❛❧ ❛♥❞ H❛①❛ ❜❡❢♦M❡ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳ ✐H❤ H❤✐K KHM❛H❡❣②✱ ❛ K✉❜K❡H ♦❢ H❤❡
❝♦♥❝❛H❡♥❛H❡❞ K✉♣❡M♠❛HM✐① ✐K K❡❧❡❝H❡❞ H♦ M❡❝❡✐✈❡ ❛ ♠❛①✐♠❛❧❧② ✐♥❢♦M♠❛H✐✈❡ K❡H ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K✳ M✐♦M H♦
K❡❧❡❝H✐♦♥✱ ♣♦H❡♥H✐❛❧ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❡❛❝❤ K✐♥❣❧❡ ❣❡♥❡ ✭♣❛MH✐H✐♦♥✮ ✐K ❝❛❧❝✉❧❛H❡❞ ✭❋✐❣✳ ✷✳✷✮ ✇✐H❤✐♥
❛ K✉♣❡M❛❧✐❣♥♠❡♥H✳ ❚❤✐K ✐K ❝♦♥❞✉❝H❡❞ ✇✐H❤ ❣❡♥❡M❛❧✐③❡❞ ❣❡♦♠❡HM② Q✉❛MH❡H ♠❛♣♣✐♥❣ ✭◆✐❡K❡❧H✲❙HM✉✇❡
❛♥❞ ✈♦♥ ❍❛❡K❡❧❡M✱ ✷✵✵✶✮ ❛H ❛♥ ❛♠✐♥♦ ❛❝✐❞ ❧❡✈❡❧✳ ❊❛❝❤ ❣❡♥❡ ♦❜H❛✐♥K ❛ ✈❛❧✉❡ ♦❢ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H
❜❡H✇❡❡♥ ✵✳✵ ❛♥❞ ✶✳✵✱ M❡✢❡❝H✐♥❣ H❤❡ M❡❧❛H✐✈❡ ♥✉♠❜❡M ♦❢ M❡K♦❧✈❡❞ Q✉❛MH❡H HM❡❡K✳ ❆ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H②
♠❛HM✐① ✭♣M❡K❡♥❝❡|❛❜K❡♥❝❡ ♠❛HM✐①✮ ✐K H❤❡♥ HM❛♥K❢♦M♠❡❞ ✐♥H♦ ❛ ♠❛HM✐① ♦❢ ♣♦H❡♥H✐❛❧ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H
♦❢ ❡❛❝❤ H❛①♦♥ ❛♥❞ ❣❡♥❡ ❜② ♠✉❧H✐♣❧②✐♥❣ H❤❡ ❛✈❛✐❧❛❜✐❧✐H② ✭✵|✶✮ ✇✐H❤ K❝♦M❡K ♦❢ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭❋✐❣✳
✷✳✸✮✳ ❚❤❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❡❛❝❤ ❣❡♥❡ ✐K ❝❛❧❝✉❧❛H❡❞ ❛K H❤❡ ❛✈❡M❛❣❡ ✈❛❧✉❡ ♦✈❡M ❛❧❧ H❛①❛ ✐♥❝❧✉❞✐♥❣
♠✐KK✐♥❣ ❞❛H❛✳ ❚❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H P ♦❢ ❛ K✉♣❡M♠❛HM✐① ✐K ❝❛❧❝✉❧❛H❡❞ ❛K H❤❡ K✉♠ ♦❢
H❤❡ M❡❧❛H✐✈❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❛❧❧ ❣❡♥❡K ✐♥ M❡❧❛H✐♦♥ H♦ H❤❡ ♥✉♠❜❡M ♦❢ H❛①❛✳ ❙❡❝♦♥❞❧②✱ ❛ K✐♠♣❧❡ ❤✐❧❧
❝❧✐♠❜✐♥❣ ♣M♦❝❡❞✉M❡ ✐K ✉K❡❞ H♦ K❡❧❡❝H ❛♥ ♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K ✇✐H❤ ❤✐❣❤ H♦H❛❧ ❛✈❡M❛❣❡
✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭■❈✮✳ ❘❡❞✉❝H✐♦♥ KH❛MHK ✇✐H❤ ❞M♦♣♣✐♥❣ ❡✐H❤❡M H❤❡ H❛①♦♥ ✭M♦✇✮ ♦M H❤❡ ❣❡♥❡ ✭❝♦❧✉♠♥✮
✇✐H❤ H❤❡ ❧♦✇❡KH ❛✈❡M❛❣❡ ■❈✱ ❣❡♥❡M❛H✐♥❣ ❛ ♥❡✇ ♠❛HM✐①✳ ■♥ ❝❛K❡ ♦❢ H✐❡K✱ ❣❡♥❡K ❛M❡ ❡①❝❧✉❞❡❞✳ ❚❛①❛ ♦M
❣❡♥❡K ✇✐H❤ H❤❡ ❧♦✇❡KH ❛✈❡M❛❣❡ ■❈ ✇✐❧❧ ❜❡ KH❡♣✇✐K❡ ❞✐K❝❛M❞❡❞ ❢M♦♠ H❤❡ ♠❛HM✐①✱ M❡❝❡✐✈✐♥❣ ❛ K✉❜♠❛HM✐①
✇✐H❤ ✐♥❝M❡❛K❡❞ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H P ✳ ■♥ ♦M❞❡M H♦ M❡❛❝❤ ❛♥ ♦♣H✐♠✉♠✱ H❤❡ ✉♥❞❡M❧②✐♥❣
♦♣H✐♠❛❧✐H② ❢✉♥❝H✐♦♥ H❛❦❡K ✐♥H♦ ❛❝❝♦✉♥H H❤❛H K✐③❡ M❡❞✉❝H✐♦♥ ❛♥❞ ❧♦✇ H♦H❛❧ ❛✈❡M❛❣❡ ■❈ ❛M❡ ♣❡♥❛❧✐③❡❞ ✭K❡❡
❜❡❧♦✇✮✳ ❚❤❡M❡❜②✱ H❤❡ ❝♦♥♥❡❝H✐✈✐H② ❜❡H✇❡❡♥ H❛①❛ ✐K ♠♦♥✐H♦M❡❞ ❜② ❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡M ♦❢ ♦✈❡M❧❛♣♣✐♥❣
❣❡♥❡K ❛♥❞ H❛①❛✱ ♣M❡✈✐♦✉K H♦ ❡✈❡M② M❡❞✉❝H✐♦♥ KH❡♣✳ ■♥ H❡M♠K ♦❢ H❤❡ ❣M❛♣❤ H❤❡♦M②✱ ❛ ❝♦♥♥❡❝H❡❞ ❣M❛♣❤ ♠✉KH
❜❡ ❞M❛✇♥ ❜❡H✇❡❡♥ ❡❛❝❤ K✉❜K❡H ✭❝❧✉KH❡M✮ ♦❢ ♥♦❞❡K ✭❣❡♥❡K✮✳ ◆♦❞❡K ✭♦M ❝❧✉KH❡MK✮ ❛M❡ ♦♥❧② ❝♦♥♥❡❝H❡❞✱
✐❢ H❤❡ ♦✈❡M❧❛♣ ❝M✐H❡M✐♦♥ ✐K ❢✉❧✜❧❧❡❞✳ ❚❤❡ ♦♣H✐♠❛❧✐H② ❢✉♥❝H✐♦♥ ❢❛✈♦MK M❡❞✉❝H✐♦♥ ♦❢ ♠❛HM✐❝❡K H♦ ❤✐❣❤ H♦H❛❧
❛✈❡M❛❣❡ ■❈✳ ❚❤❡ K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ ✐K ❛ M❡❞✉❝❡❞ K✉♣❡M♠❛HM✐①✱ ❝♦MM❡K♣♦♥❞✐♥❣ H♦ ♦♥❡ ♣♦KK✐❜❧❡
K♦❧✉H✐♦♥ ♦❢ H❤❡ Q✉❛K✐✲❜✐❝❧✐Q✉❡ ❛♣♣M♦❛❝❤✳ ❚❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ■❈ ❛♥❞ H❤❡ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✭❂ ♥✉♠❜❡M
♦❢ ♣M❡K❡♥H ❣❡♥❡ ❡♥HM✐❡K ✐♥ M❡❧❛H✐♦♥ H♦ H❤❡ H♦H❛❧ K✐③❡ ♦❢ H❤❡ ♠❛HM✐①✮ ✇❛K ✐♥❝M❡❛K❡❞ HM❡♠❡♥❞♦✉K❧② ❢♦M H❤❡
❙❖❙ ♦❢ H❤❡ ♦M✐❣✐♥❛❧ ✬❛MH❤M♦♣♦❞✬ K✉♣❡M♠❛HM✐① ♦❢ H❤✐K KH✉❞② ❛♥❞ ❝♦♠♣M✐K❡❞ ❛ ❢❛✐M ❜❛❧❛♥❝❡❞ H❛①♦♥✲❣❡♥❡
M❛H✐♦✳ ■♥ ❛ ✜♥❛❧ KH❡♣✱ H❤❡ ♦M✐❣✐♥❛❧ K✉♣❡M❛❧✐❣♥♠❡♥H ✐K M❡✇M✐HH❡♥ ❜❛K❡❞ ♦♥ H❤❡ ❙❖❙✳ ❈♦♥KHM❛✐♥HK ✭H❛①❛✱
❣❡♥❡K✱ ♦M ❜♦H❤✮ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛♥❞ ✇✐❧❧ ♥♦H ❜❡ ❞M♦♣♣❡❞ ❢M♦♠ H❤❡ ♠❛HM✐①✳ ❚❤❡ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H ♦❢ H❛①❛ ❝❛♥ ♦♣H✐♦♥❛❧❧② ❜❡ ✇❡✐❣❤H❡❞ ✭♦♣H✐♦♥ ✲ H✮✳ ❚❤❡ ❛❧❣♦M✐H❤♠ ❤❛K ❜❡❡♥ ✐♠♣❧❡♠❡♥H❡❞ ✐♥
H❤❡ K♦❢H✇❛M❡ ▼❆❘❊ ✭▼❆HM✐①❘❊❞✉❝H✐♦♥✮✱ ✇M✐HH❡♥ ✐♥ ❈✰✰✳ ❉❡H❛✐❧K ♦♥ H❤❡ ❛❧❣♦M✐H❤♠ ✇✐❧❧ ❜❡ ♣✉❜❧✐K❤❡❞
❡❧K❡✇❤❡M❡ ✭▼✐K♦❢ ❡H ❛❧✳✱ ✐♥ ♣O❡♣✳✮✳ ❚❤❡ ❤❡✉M✐KH✐❝K ❛❧❣♦M✐H❤♠ ♦❢ ▼❆❘❊ ✐K H✐♠❡ ❡✣❝✐❡♥H ❛♥❞ ❡❛K✐❧②
❛♣♣❧✐❝❛❜❧❡ H♦ ♠❛HM✐❝❡K ♦❢ > ✶✵✵ ① ✶✵✵✱ ✐♥ ❝♦♥HM❛KH H♦ Q✉❛K✐✲❜✐❝❧✐Q✉❡ ❛♣♣M♦❛❝❤❡K✳ ❚❤✐K ♣M❡♣M♦❝❡KK✐♥❣
♦❢ H❤❡ ❞❛H❛ ❤❡❧♣K H♦ ❝♦♥K✐❞❡M❛❜❧② M❡❞✉❝❡ H❤❡ ❡✛♦MH K♣❡♥H ✐♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✳ ■H ❛❧K♦ ♦♣❡♥K ❛ M♦✉H❡
H♦ ❛KK❡KK ✇❤❡H❤❡M ✐H ✐K ✇♦MH❤✇❤✐❧❡ H♦ ✐♥❝❧✉❞❡ ♥❡✇ H❛①❛ ♦M ❣❡♥❡K ✐♥ ❛ ♣M❡✲❡①✐KH✐♥❣ K✉♣❡M♠❛HM✐① ❜❛K❡❞
♦♥ H❤❡✐M ❝♦♥HM✐❜✉H✐♦♥ H♦ H❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ H❤❡ K✉♣❡M♠❛HM✐① ✇✐H❤♦✉H ✉K✐♥❣ HM❡❡
M❡❝♦♥KHM✉❝H✐♦♥K✳ ❙✐♠✉❧❛H✐♦♥K ❤❛✈❡ K❤♦✇♥ H❤❛H H❤❡ ❝❤❛♥❝❡ H♦ M❡❝♦♥KHM✉❝H H❤❡ ❝♦MM❡❝H HM❡❡ ✐♥❝M❡❛K❡K
HM❡♠❡♥❞♦✉K❧② ❛❢H❡M ♠❛HM✐① M❡❞✉❝H✐♦♥ ✭▼✐K♦❢ ❡H ❛❧✳✱ ✐♥ ♣O❡♣✳✮✳ ❚❤✐K ✇✐❧❧ ❜❡ H❡KH❡❞ ✐♥ H❤❡ ♣M❡K❡♥H KH✉❞②
♦♥ M❡❛❧ ❞❛H❛ K❡HK✳ ❆❞❞✐H✐♦♥❛❧❧②✱ ❞❛H❛ K✉❜K❡HK ❝♦✈❡M✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ❛♥❞ H❤❡ ❞❛H❛ K❡H ♦❢ ❉✉♥♥
❡H ❛❧✳ ✭✷✵✵✽✮ ❤❛✈❡ ❜❡❡♥ ✉K❡❞ H♦ KH✉❞② ♣❡M❢♦M♠❛♥❝❡ ♦❢ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ❛♥❞ ✐HK ✐♠♣❛❝H ♦♥ HM❡❡
✷✷ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
M❡❝♦♥KHM✉❝H✐♦♥K ❝♦♠♣❛M❡❞ ✇✐H❤ ♦M✐❣✐♥❛❧ ❞❛H❛ K❡HK✳
▼❆❘❊✿ ♣P❡✲❛❧♣❤❛ ✈❡PN✐♦♥
❆ ♣M❡✲❛❧♣❤❛ ✈❡MK✐♦♥ ♦❢ ▼❆❘❊ ✭H❤M❡❡ ❡M❧ K❝M✐♣HK✮ ✇❛K ✉K❡❞ ✱ ❛✈❛✐❧❛❜❧❡ ❢M♦♠ ✉♣♦♥ M❡Q✉❡KH ❢M♦♠





❜✉H ♠❛①✐♠❛❧ ✷✵✱✵✵✵ H❛①❛ Q✉❛MH❡HK ✉K✐♥❣ H❤❡ ❇▲❖❙▼✻✷ K✉❜KH✐H✉H✐♦♥ ♠❛HM✐①✳ ●❡♥❡K ❝♦♥H❛✐♥✐♥❣ ❧❡KK
H❤❛♥ ❢♦✉M K❡Q✉❡♥❝❡K ❛♥❞ H❛①❛ ❝♦♥H❛✐♥✐♥❣ ❧❡KK H❤❛♥ ✶✴✸ ♦❢ ❛ K✐♥❣❧❡ ❣❡♥❡ K❡Q✉❡♥❝❡ ❛M❡ ❝♦♥K✐❞❡M❡❞ ❛K
❛❜K❡♥H✳ ❈✉MM❡♥H❧②✱ H❤❡ ♦♣H✐♠❛❧✐H② ❢✉♥❝H✐♦♥ f (P ) ♣❡♥❛❧✐③❡K K✐③❡ M❡❞✉❝H✐♦♥ ♦❢ ❛♥ ♦M✐❣✐♥❛❧ ♠❛HM✐① M ❛♥❞
❧♦✇ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H P ♦❢ ❛ M❡❞✉❝❡❞ ♠❛HM✐① M  ❛K ❢♦❧❧♦✇K✿
f (P ) = 1− |(λ− P
α×(1−P )
)| ✐❢ P < 1
✇✐H❤ α ❛K ❛ K❝❛❧✐♥❣ ❢❛❝H♦M ✭❞❡❢❛✉❧H α = 3✮✱ λ ❛K H❤❡ K✐③❡ M❛H✐♦ ❜❡H✇❡❡♥ M❡❞✉❝❡❞ M  ❛♥❞ ♦M✐❣✐♥❛❧ ♠❛HM✐①
M ✭♠❛HM✐① K✐③❡ ❂ ★ H❛①❛ ① ★❣❡♥❡K✮✳ P ✐K ♠❛①✐♠✐③❡❞✱ ✐❢ P = 1 M❡❞✉❝H✐♦♥ KH♦♣K✳ ❚♦H❛❧ ❝♦♥♥❡❝H✐✈✐H② ✐K
♠♦♥✐H♦M❡❞✿ ♦♥❡ ❣❡♥❡ ♠✉KH K❤❛M❡ ❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡M ♦❢ H✇♦ H❛①❛ ✇✐H❤ ❛♥♦H❤❡M ❣❡♥❡✱ ❜✉✐❧❞✐♥❣ ❛ ❝❧✉KH❡M✳
❊❛❝❤ ❝❧✉KH❡M ♠✉KH ❛H ❧❡❛KH ❤❛✈❡ ❛♥ ♦✈❡M❧❛♣ ♦❢ H✇♦ H❛①❛ ✇✐H❤ ❛♥♦H❤❡M ❝❧✉KH❡M✱ H❤✉K ♦♥❡ ❝♦♥♥❡❝H❡❞ ❣M❛♣❤
❝❛♥ ❜❡ ❞M❛✇♥ H❤M♦✉❣❤♦✉H H❤❡ ♠❛HM✐①✳ ❆❢H❡M ❡❛❝❤ M❡❞✉❝H✐♦♥ KH❡♣✱ H❤❡ ❝✉MM❡♥H K✐③❡ M❛H✐♦ λ✱ H❤❡ ❛✈❡M❛❣❡
✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H p¯ ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K ♦❢ M  ❛M❡ M❡❝❛❧❝✉❧❛H❡❞✱ M  ✐K M❡K♦MH❡❞ ❛♥❞ H❤❡ H♦H❛❧ ❛✈❡M❛❣❡
✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H P ♦❢ M  ✐K M❡❝❛❧❝✉❧❛H❡❞ ❛K ✇❡❧❧✳ ❉✉M✐♥❣ M❡❞✉❝H✐♦♥✱ H❛①❛ ❝❛♥ ❜❡ ✇❡✐❣❤H❡❞ ❜② ✺✴✸✱
✐♥✈♦❦✐♥❣ H❤❡ ✲H ♦♣H✐♦♥✳ ❚❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H P ❛♥❞ H❤❡ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✭❣❡♥❡K
✇✐H❤ ❛♥ ■❈ < ✵✳✵✹ ❛M❡ ❝♦♥K✐❞❡M❡❞ ❛K ♠✐KK✐♥❣✮ ❛M❡ ♣M♦✈✐❞❡❞ ❛K ♦✉H♣✉H ❢♦M H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛ ♠❛HM✐① ❛♥❞
H❤❡ K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ ❞❛H❛ K✉❜K❡H ✭❙❖❙✮✳ ❋✐♥❛❧❧②✱ H❤❡ ♦M✐❣✐♥❛❧ K✉♣❡M❛❧✐❣♥♠❡♥H ✐K M❡✇M✐HH❡♥ ❜❛K❡❞ ♦♥ H❤❡
K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜♠❛HM✐❝❡K✳
❋✐❣✉M❡ ✷✳✷✳✿ e♦>❡♥>✐❛❧ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> ♦❢ >❤A❡❡ ❣❡♥❡@ ❢A♦♠ >❤❡ ♦A✐❣✐♥❛❧ ❛A>❤A♦♣♦❞ ❞❛>❛ @❡> ❆8✶ ✭❚❛❜✳ ✷✳✸✮✳
❚❤❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> ✭■❈✮ ✐@ ✈✐@✉❛❧✐③❡❞ ❜② ✷❉ @✐♠♣❧❡① ❜✐♣❛A>✐>❡ ❣A❛♣❤@✳ ❚❤❡ ♣♦>❡♥>✐❛❧ ■❈ ♦❢ ❛ ❣❡♥❡ ✐@
❞❡✜♥❡❞ ❛@ >❤❡ A❡❧❛>✐✈❡ >A❡❡✕❧✐❦❡♥❡@@ ♦❢ >❤❡ ❞❛>❛ ✉@✐♥❣ ❣❡♦♠❡>A② ♠❛♣♣✐♥❣ ✭◆✐❡@❡❧>✲❙>A✉✇❡ ❛♥❞ ✈♦♥ ❍❛❡@❡❧❡A✱
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H❤✐♥✱ ✢❡①✐❜❧❡ ❛♥❞ ♥❡❛M❧② HM❛♥K❧✉❝❡♥H ❜♦❞②✳ ❆♥H❡♥♥❛❡ ❛♥❞ H❛✐❧ ❛♣♣❡♥❞❛❣❡K ❛M❡ ❧♦♥❣ ❛♥❞ ♠✉❧H✐✲K❡❣♠❡♥H❡❞
❛♥❞ ❡❛K✐❧② ❜M❡❛❦ ❞✉M✐♥❣ K❛♠♣❧✐♥❣✳ ■♥ K✉♠♠❡M ✷✵✵✼✱ ❝❛✳ ✻✵✵ K♣❡❝✐♠❡♥K ♦❢ ❈❛♠♣♦❞❡❛ ❝❢✳ ❢O❛❣✐❧✐N ✇❡M❡
❝♦❧❧❡❝H❡❞ ♦✉H ♦❢ ❧❡❛❢ ❧✐HH❡M ❛♥❞ ❧♦❛♠② K♦✐❧ ♦❢ ❛♥ ♦❧❞ ❞❡❝✐❞✉♦✉K ❢♦M❡KH ✐♥ ❋M✐❡K❞♦M❢ ✭♥❡❛M ❇♦♥♥✱ ●❡M♠❛♥②✮
✇✐H❤ ❛♥ ❡①HM❛ K♠❛❧❧ ❡①❤❛✉KH❡M✳ ▲✐✈✐♥❣ K♣❡❝✐♠❡♥K ✇❡M❡ HM❛♥K♣♦MH❡❞ H♦ H❤❡ ❧❛❜✱ ♣M❡K❡M✈❡❞ ✐♥ ❧✐Q✉✐❞
♥✐HM♦❣❡♥ ❛♥❞ KH♦M❡❞ ❛H ✕ ✽✵ ◦❈✳
❈♦❧❧❡♠❜♦❧❛✱ ❍❡①❛♣♦❞❛
■♥ ❆✉❣✉KH ✷✵✵✻✱ ❛M♦✉♥❞ ✹✵✵ K♣❡❝✐♠❡♥K ♦❢ ❆♥✉O✐❞❛ ♠❛O✐M✐♠❛ ✭●✉UM✐♥✲▼U♥❡✈✐❧❧❡✱ ✶✽✸✻✮ ✭◆❡❛♥✉M✐❞❛❡✱
❈♦❧❧❡♠❜♦❧❛✮ ✇❡M❡ ❝♦❧❧❡❝H❡❞ ❛H ❚❡①❡❧✱ ◆❡H❤❡M❧❛♥❞K✱ ❛H ❛ K♠❛❧❧ ❜❛② ♥❡❛M H❤❡ ❢❡MM② ♣♦MH ✭❋✐❣✳ ✷✳✺✮✳ ❆✳
♠❛O✐M✐♠❛ ✐K ❛ ❝♦K♠♦♣♦❧✐H❛♥ K♣M✐♥❣H❛✐❧ ♦❢ H❤❡ ✐♥H❡MH✐❞❛❧ ③♦♥❡✱ ♦❢H❡♥ ❢♦✉♥❞ ✐♥ ❛❣❣M❡❣❛H✐♦♥K ✉♣ H♦ K❡✈❡M❛❧
❤✉♥❞M❡❞ ✐♥❞✐✈✐❞✉❛❧K ♦♥ M♦❝❦② K❤♦M❡K ♦M H✐❞❛❧ ♠❛MK❤❡K✳ ❚❤❡② ♠♦✈❡ ✐♥ M❤②H❤♠ ✇✐H❤ H❤❡ H✐❞❛❧ ❝②❝❧❡✳
❙♣❡❝✐♠❡♥K ✇❡M❡ ❝♦❧❧❡❝H❡❞ ✇✐H❤ ❡①HM❛ K♠❛❧❧ ❡①❤❛✉KH❡M✳ ▲✐✈✐♥❣ K♣❡❝✐♠❡♥K ✇❡M❡ HM❛♥K❢❡MM❡❞ H♦ H❤❡ ❧❛❜
❛♥❞ ❦❡♣H ❛❧✐✈❡ ❛H ✹ ◦❈ ✉♥H✐❧ K❤♦❝❦ ❢M❡❡③✐♥❣✳ ❚❤❡② ✇❡M❡ KH♦M❡❞ ❛H ✕ ✽✵ ◦❈ ✉♥H✐❧ ❘◆❆ ✇❛K ❡①HM❛❝H❡❞✳
❆P❝❤❛❡♦❣♥❛L❤❛✱ ❍❡①❛♣♦❞❛
✷✵ K♣❡❝✐♠❡♥K ♦❢ H❤❡ ❜M✐KH❧❡H❛✐❧ ▲❡♣✐N♠❛❝❤✐❧✐N ②✲N✐❣♥❛M❛ ❑M❛H♦❝❤✈✐❧ ✶✾✹✺ ✭❆M❝❤❛❡♦❣♥❛H❤❛✮✱ ✇❡M❡ K❛♠♣❧❡❞
✉K✐♥❣ K♠❛❧❧ ❝♦❧❧❡❝H✐♥❣ ✈✐❛❧K ♥❡❛M ❇M❡✐H❡♥❢✉MH✱ ❆✉KHM✐❛✳ ❚❤✐K K♣❡❝✐❡K✱ ✺✕✶✵♠♠ ❧♦♥❣✱ ❜❡❧♦♥❣K H♦ H❤❡
❢❛♠✐❧② ▼❛❝❤✐❧✐❞❛❡✳ ■H ✐K ❝❤❛M❛❝H❡M✐③❡❞ ❜② ✐HK ❡♣♦♥②♠♦✉K ❞❛M❦✱ ②✲K❤❛♣❡❞ ♣❛HH❡M♥ ✐♥ H❤❡ ❝♦♠♣♦✉♥❞ ❡②❡K✳
❙♣❡❝✐♠❡♥K ✇❡M❡ ❦❡♣H ❛❧✐✈❡ ✐♥ ❛ ✇❡HH❡❞ ❜♦① ✉♥H✐❧ H❤❡② ✇❡M❡ K❤♦❝❦ ❢M♦③❡♥✳ ❙♣❡❝✐♠❡♥K ✇❡M❡ ❦✐♥❞❧②
♣M♦✈✐❞❡❞ ❜② ◆✐❦♦❧❛ ❙③✉❝K✐❝❤✱ ●M♦✉♣ ❛KK✱ ♥✐✈❡MK✐H② ♦❢ ✐❡♥♥❛✱ ❆✉KHM✐❛✳
✷✳✷✳✷✳ ▲❛❜♦F❛B♦F② ✇♦F❦
M❡K❡M✈❛H✐♦♥ ♦❢ K♣❡❝✐♠❡♥K ✇❛K ❝♦♥❞✉❝H❡❞ ❛H H❤❡ ♠♦❧❡❝✉❧❛M ❧❛❜ ♦❢ H❤❡ ❋▼❑ ❛♥❞ ❛H H❤❡ ❉❡♣❛MH♠❡♥H
♦❢ ❊✈♦❧✉H✐♦♥❛M② ❇✐♦❧♦❣②✱ ♥✐✈❡MK✐H② ♦❢ ✐❡♥♥❛✱ ❆✉KHM✐❛✳ ❙♣❡❝✐♠❡♥K ♦❢ M♦H✉M❛✱ ❉✐♣❧✉M❛✱ ❈♦❧❧❡♠❜♦❧❛
❛♥❞ ❆M❝❤❛❡♦❣♥❛H❤❛ ✭K❡❝H✐♦♥ ✷✳✶✳✷✮ ✇❡M❡ ♣M❡K❡M✈❡❞ ✐♥ ❧✐Q✉✐❞ ♥✐HM♦❣❡♥ ❛♥❞ KH♦M❡❞ ❛H ✕ ✽✵ ◦❈✳ ❊①HM❛❝H✐♦♥
♦❢ H♦H❛❧ ❛♥❞ ♠❡KK❡♥❣❡M ❘◆❆✱ ❝♦♥KHM✉❝H✐♦♥ ♦❢ ❝❉◆❆ ❧✐❜M❛M✐❡K✱ ❝❧♦♥✐♥❣ ❛♥❞ K❡Q✉❡♥❝✐♥❣ ✇❛K ❝♦♥❞✉❝H❡❞
❛H H❤❡ ▼■▼●✱ ❆● ❘❡✐♥❤❛M❞H✴❑✉❜❡✱ ❇❡M❧✐♥✱ ●❡M♠❛♥②✳ ❚♦H❛❧ ❛♥❞ ♠❘◆❆ ✇❛K ♣M❡♣❛M❡❞ ✇✐H❤ KH❛♥❞❛M❞
❦✐HK ✭❚❛❜✳ ✷✳✶✮✳ ❝❉◆❆ ❧✐❜M❛M✐❡K ✇❡M❡ ❝♦♥KHM✉❝H❡❞ ✉K✐♥❣ ❈❧♦♥❡▼✐♥❡M ✭■♥✈✐HM♦❣❡♥✮ ♦M ❈M❡❛H♦M ❙▼❆❘❚
✭❈❧♦♥H❡❝❤✮✳ ❋♦M ❛❧❧ K♣❡❝✐❡K✱ ❡①❝❡♣H ❆✳ ♠❛O✐M✐♠❛✱ ♣M✐♠❡M ❡①H❡♥K✐♦♥ ❝❉◆❆ ❧✐❜M❛M✐❡K ✇❡M❡ ❝♦♥KHM✉❝H❡❞✳
❋♦M ❆✳ ♠❛O✐M✐♠❛✱ ❛ ❧♦♥❣ ❞✐KH❛♥❝❡ ❝❉◆❆ ❧✐❜M❛M② ✇❛K ❣❡♥❡M❛H❡❞✳ ❋M♦♠ ❝❉◆❆ ❧✐❜M❛M✐❡K✱ ❊❙❚K ✇❡M❡
K❡Q✉❡♥❝❡❞ ✉K✐♥❣ M❛♥❞♦♠❧② K❡❧❡❝H❡❞ ❝❉◆❆✲❝❧♦♥❡K ✇✐H❤ ❙❛♥❣❡M K❡Q✉❡♥❝✐♥❣ ✭❙❛♥❣❡M ❡H ❛❧✳✱ ✶✾✼✼✮✱ ❢M♦♠
H❤❡ ✺✬ ❡♥❞ ♦♥ ❛ ❝❛♣✐❧❧❛M② K❡Q✉❡♥❝❡M K②KH❡♠ ❆❇■ ✸✼✸✵▲ ✭❆♣♣❧✐❡❞ ❇✐♦K②KH❡♠K✱ ❉❛M♠KH❛❞H✱ ●❡M♠❛♥②✮
✉K✐♥❣ ❇■●❉❊ ❝❤❡♠✐KHM②✱ ❆♣♣❧✐❡❞ ❇✐♦K②KH❡♠K ✭❢♦M ❞❡H❛✐❧K ♦❢ ❛❧❧ ♥❡✇ ❊❙❚ ❞❛H❛ M❡❢❡M H♦ ❚❛❜✳ ❆✳✶✮✳
✷✳✷✳ ▼❛H❡M✐❛❧K ✫ ▼❡H❤♦❞K ✷✺
❋✐❣✉M❡ ✷✳✹✳✿ ❙❛♠♣❧❡ ❧♦❝❛❧✐>② ❛♥❞ ❡①>A❛❝>✐♦♥ ♦❢ ❆❝❡A❡♥=♦♠♦♥ ❢A❛♥③✐ ✭eA♦>✉A❛✮✳ ❋A♦♠ ❧❡❢> >♦ A✐❣❤>✿ ❙❛♠♣❧❡ ❧♦❝❛❧✐>② ✐♥
❈❛A✐♥>❤✐❛✱ ❆✉@>A✐❛✱ ♥♦A>❤❡A♥ ❡@❝❛A♣♠❡♥> ♦❢ ❛ ❞❡❝✐❞✉♦✉@ ❢♦A❡@>✳ ❇❡A❧❡@❡✲>A❛♣@ ✇✐>❤ ❧❡❛❢ ❧✐>>❡A✿ ❧❡❛❢ ❧✐>>❡A
@❧♦✇❧② ❞❡@✐❝❝❛>❡@ ❢A♦♠ >♦♣ >♦ ❜♦>>♦♠❀ @♣❡❝✐♠❡♥@ ❝A❡❡♣ ❞♦✇♥✇❛A❞@ ❛♥❞ ❢❛❧❧ ✐♥>♦ ❛ ♣❧❛@>✐❝ ❜♦① ✇✐>❤ ❣②♣@✉♠❀
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▲❡♣✐C♠❛❝❤✐❧✐C ②✲C✐❣♥❛B❛
❍❡①❛♣♦❞❛✱ ❆B❝❤❛❡♦❣♥❛?❤❛ ❆❜A♦❧✉?❡❧② ❘◆❆ ✭❙?B❛?❛❣❡♥❡✮ ❈❧♦♥❡▼✐♥❡B ✭■♥✈✐?B♦❣❡♥✮ ✹✱✽✾✺
✷✻ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
✷✳✷✳✸✳ ❙❡H✉❡♥❝❡ ♣F♦❝❡DD✐♥❣✱ ❝♦♥B✐❣ ❛DD❡♠❜❧✐♥❣ ❛♥❞ ♣F❡❞✐❝B✐♦♥ ♦❢ ♦FB❤♦❧♦❣♦✉D ❣❡♥❡D
❙❡Q✉❡♥❝❡ ♣M♦❝❡KK✐♥❣✱ Q✉❛❧✐H② ❝❤❡❝❦✱ ❊❙❚ ❝♦♥H✐❣ ❛KK❡♠❜❧✐♥❣ ❛♥❞ ♣M❡❞✐❝H✐♦♥ ♦❢ ♦MH❤♦❧♦❣♦✉K ❣❡♥❡K H♦♦❦
♣❧❛❝❡ ❛H H❤❡ ❈■❇■✱ ♥✐✈❡MK✐H② ♦❢ ✐❡♥♥❛✱ ❆✉KHM✐❛✳ ✉❜❧✐K❤❡❞ ❊❙❚ ❞❛H❛ ✇❡M❡ ❞♦✇♥❧♦❛❞❡❞ ❢M♦♠ ❞❜❊❙❚
✭◆❈❇■✮ ♦M H❤❡ ◆❈❇■ ❚M❛❝❡ ❆M❝❤✐✈❡✳ ❖✇♥ ❊❙❚ ❞❛H❛✱ ❊❙❚ ❞❛H❛ ❢M♦♠ ❝♦♦♣❡M❛H✐♦♥ ♣❛MH♥❡MK ❛♥❞ ♣✉❜✲
❧✐K❤❡❞ ❊❙❚K ❢♦M ❡✉❛MH❤M♦♣♦❞K ♣❧✉K ♦♥②❝❤♦♣❤♦M❛♥K✱ H❛M❞✐❣M❛❞❡K ❛♥❞ K❡❧❡❝H❡❞ K♣❡❝✐❡K ♦❢ ♥❡♠❛H♦❞❡K✱
❛♥♥❡❧✐❞K ❛♥❞ ♠♦❧❧✉K❦K ✭❚❛❜✳ ❆✳✷✮ ✇❡M❡ ♠✐♥❡❞ ❛♥❞ ♣M♦❝❡KK❡❞ ✐♥ ❢♦✉M KH❡♣K✿ ♣M❡♣M♦❝❡KK✐♥❣✱ ♣M♦✲
❝❡KK✐♥❣✱ ♦MH❤♦❧♦❣② ♣M❡❞✐❝H✐♦♥ ❛♥❞ ❛♥♥♦H❛H✐♦♥ ✭❋✐❣✳ ❆✳✷✮✳ ✭✶✮ ◆❡✇ ❊❙❚ K❡Q✉❡♥❝❡K ✇❡M❡ K❝M❡❡♥❡❞
❢♦M ✈❡❝H♦MK ❛♥❞ ♣♦❧②✲❆ H❛✐❧K ✉K✐♥❣ H❤❡ K♦❢H✇❛M❡ ▲❈ ✭❈❤♦✉ ❛♥❞ ❍♦❧♠❡K✱ ✷✵✵✶✮✳ ❆❧❧ K❡Q✉❡♥❝❡K
✇❡M❡ K❝M❡❡♥❡❞ ❢♦M ❝♦♥H❛♠✐♥❛H✐♦♥ ❜② ❝♦♠♣❛M✐K♦♥ ❛❣❛✐♥KH ♥✐❡❝ ✭❤@@♣✿✴✴✇✇✇✳♥❝❜✐✳♥❧♠✳♥✐❤✳❣♦✈✴
❡❝❙❝D❡❡♥✴♥✐❡❝✳❤@♠❧✮ ✇✐H❤ ❈M♦KK♠❛H❝❤ ✭●M❡❡♥✱ ✶✾✾✻✮ ❛♥❞ ❙❡Q❈❧❡❛♥ ✭❤@@♣✿✴✴❝♦♠♣❜✐♦✳❞❢❝✐✳
❤❛D✈❛D❞✳❡❞✉✴@❣✐✴B♦❢@✇❛D❡✴✮✳ ❙❡Q❈❧❡❛♥ K❝M❡❡♥❡❞ ❢♦M ♣♦❧②✲❆ H❛✐❧K ❛K ✇❡❧❧✳ ❙❡Q✉❡♥❝❡K ✇✐H❤ ❧❡KK H❤❛♥
✶✵✵ ♥✉❝❧❡♦H✐❞❡K ✇❡M❡ ❡①❝❧✉❞❡❞ ❢M♦♠ K✉❜K❡Q✉❡♥H ♣M♦❝❡KK✐♥❣✳ ❘❡♣❡H✐H✐✈❡ ❡❧❡♠❡♥HK ✇❡M❡ ♠❛K❦❡❞ ✇✐H❤
❘❡♣❡❛H▼❛K❦❡M ✭❙♠✐H ❡H ❛❧✳✱ ✶✾✾✻✲✷✵✵✹✮ ✉K✐♥❣ ❘❡♣❜❛K❡ ✭❏✉M❦❛ ❡H ❛❧✳✱ ✷✵✵✺✮✳ ❇❡H✇❡❡♥ ✹✱✸✼✸ ❛♥❞ ✽✱✷✺✸
❊❙❚ K❡Q✉❡♥❝❡K ♦❢ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K ❤❛✈❡ ❜❡❡♥ ♣M♦❝❡KK❡❞ ❢M♦♠ ❝❉◆❆ ❧✐❜M❛M✐❡K ✭❚❛❜✳ ✷✳✷✮✳ ✭✷✮
❖✈❡M❧❛♣♣✐♥❣ ❊❙❚ M❡❛❞K ✇❡M❡ ❛KK❡♠❜❧❡❞ ✐♥H♦ ❝♦♥H✐❣K ❢♦M ❡❛❝❤ K♣❡❝✐❡K ✉K✐♥❣ ❚●■❈▲ ✭❡MH❡❛ ❡H ❛❧✳✱
✷✵✵✸✮✳ ❖✇♥ ❊❙❚K ✇❡M❡ Q✉❛❧✐H② ❝❧✐♣♣❡❞ ✇✐H❤ ▲❈ ❛♥❞ ❝❧✉KH❡M❡❞ ❛ K❡❝♦♥❞ H✐♠❡ H♦ ♦❜H❛✐♥ ❛♥❞ ❦❡❡♣
❧♦♥❣❡M ❝♦♥H✐❣K✳ ❋♦M H❤M❡❡ K♣❡❝✐❡K ✭❚❛❜✳ ❆✳✷✮✱ ♣✉❜❧✐K❤❡❞ ❝♦♥H✐❣K ✇❡M❡ ❞✐M❡❝H❧② H❛❦❡♥ ❢M♦♠ H❤❡ ●❡♥❡ ■♥❞❡①
♣M♦❥❡❝H ✭❤@@♣✿✴✴❝♦♠♣❜✐♦✳❞❢❝✐✳❤❛D✈❛D❞✳❡❞✉✴@❣✐✴@❣✐♣❛❣❡✳❤@♠❧✮✳ ❋✐♥❛❧❧②✱ ❛❧❧ ❝♦♥H✐❣K ✇❡M❡ HM❛♥K✲
❧❛H❡❞ ❛H ❛♥ ❛♠✐♥♦ ❛❝✐❞ ❧❡✈❡❧ ✐♥ ❛❧❧ M❡❛❞✐♥❣ ❢M❛♠❡K ♣M✐♦M H♦ ♦MH❤♦❧♦❣② ♣M❡❞✐❝H✐♦♥ ✇✐H❤ ❍❛▼❙H❘ ✭❊❜❡MK✲
❜❡M❣❡M ❡H ❛❧✳✱ ✷✵✵✾✮✳ ✭✸✮ ❋♦M ❍❛▼❙H❘✱ ❛ K❡H ♦❢ ✶✸ M❡❢❡M❡♥❝❡ ♣M♦H❡♦♠❡K ✭❉❛♣❤♥✐❛ ♣✉❧❡①✱ ❚O✐❜♦❧✐✉♠
❝❛NM❛♥❡✉♠✱ ❇♦♠❜②① ♠♦O✐✱ ❆❡❞❡N ❛❡❣②♣M✐✱ ❆♣✐N ♠❡❧❧✐❢❡O❛✱ ❉O♦N♦♣❤✐❧❛ ♠❡❧❛♥♦❣❛NM❡O✱ ❈❛❡♥♦O❤❛❜❞✐M✐N
❡❧❡❣❛♥N✱ ❈❛❡♥♦O❤❛❜❞✐M✐N ❜O✐❣❣N❛❡✱ ❈❛♣✐M❡❧❧❛ K♣✳✱ ▲♦MM✐❛ ❣✐❣❛♥M❡❛✱ ❍♦♠♦ N❛♣✐❡♥N✱ ❚❡MO❛♦❞♦♥ ♥✐❣O♦✈✐O✐❞✐N
❛♥❞ ❡♥♦♣✉N MO♦♣✐❝❛❧✐N✮ ✇❛K ❝♦♠♣✐❧❡❞ ❢M♦♠ ■♥❛M❛♥♦✐❞ ✭❘❡♠♠ ❡H ❛❧✳✱ ✷✵✵✶❀ ❇❡M❣❧✉♥❞ ❡H ❛❧✳✱ ✷✵✵✽✱
❤@@♣✿✴✴✐♥♣❛D❛♥♦✐❞✻✳B❜✳B✉✳B❡✮✳ ❋M♦♠ H❤❡K❡ ✬♣M✐♠❡M H❛①❛✬✱ ♠✉❧H✐♣❧❡ K❡Q✉❡♥❝❡ ❛❧✐❣♥♠❡♥HK ♦❢ ✬❝♦M❡✬
♦MH❤♦❧♦❣K ✇❡M❡ ❣❡♥❡M❛H❡❞✳ ❚❤❡K❡ ❛❧✐❣♥♠❡♥HK ✇❡M❡ ✉K❡❞ H♦ HM❛✐♥ ♣M♦✜❧❡ ❍✐❞❞❡♥ ▼❛M❦♦✈ ▼♦❞❡❧K ✭♣❍✲
▼▼K✮ H♦ K❡❛M❝❤ ♣M♦H❡✐♥ ❤✐HK ✐♥ ❡❛❝❤ H❛①♦♥✳ ❆ M❡❝✐♣M♦❝❛❧ ❇❧❛KH ✭❆❧HK❝❤✉❧ ❡H ❛❧✳✱ ✶✾✾✼✮ ❞❡❝✐❞❡❞ ❛❜♦✉H
❛ K✉M✈✐✈❛❧ ♦❢ ❛ ❤✐H✳ ❋♦M ❛ K✉❜K❡Q✉❡♥H M❡✲❜❧❛KH KH❡♣✱ H❤❡ ♣M❡K✉♠❛❜❧② ❡✈♦❧✉H✐♦♥❛M② ❝❧♦K❡KH ♣M✐♠❡M H❛①♦♥
✭♣M♦H❡♦♠❡ K♣❡❝✐❡K✮ ✇❛K ❝❤♦K❡♥✳ ■♥ H♦H❛❧✱ ✷✹✹ K♣❡❝✐❡K ✇❡M❡ ✬❤❛♠KHM❡❞✬ ♦❢ ✇❤✐❝❤ ✷✽ K♣❡❝✐❡K ❝♦♠♣M✐K❡❞
❛ ❝♦♠♣❧❡H❡ ♣M♦H❡♦♠❡✳ ✼✼✺ ❣❡♥❡K ✇❡M❡ ✐❞❡♥H✐✜❡❞ ❛K ♣✉H❛H✐✈❡ ♦MH❤♦❧♦❣K✳ ✭✹✮ ❊❙❚ ❝♦♥H✐❣K ✇❡M❡ ❛♥♥♦✲
H❛H❡❞ ✉K✐♥❣ ❇❧❛KH ✭❆❧HK❝❤✉❧ ❡H ❛❧✳✱ ✶✾✾✼✮ ❛❣❛✐♥KH ◆❈❇■✬K ♥♦♥✲M❡❞✉♥❞❛♥H ♣M♦H❡✐♥ ❞❛H❛❜❛K❡✳ M♦H❡✐♥
K❡Q✉❡♥❝❡K ♦❢ H❤❡ ✷✺ ❜❡KH ❤✐HK ♣❡M ❝♦♥H✐❣ ✇❡M❡ ❛❧✐❣♥❡❞ ✇✐H❤ ●❡♥❡✐K❡ ✭❇✐M♥❡② ❡H ❛❧✳✱ ✷✵✵✹✮✳ ❚❤✐K
K♦❢H✇❛M❡ H❛❦❡K ❢M❛♠❡K❤✐❢HK ✐♥H♦ ❛❝❝♦✉♥H ❜② ❛ K♣❡❝✐❛❧ K❝♦M✐♥❣ ♣M♦❝❡❞✉M❡✳ ❊❛❝❤ ❝♦♥H✐❣ ✇❛K ❛♥♥♦H❛H❡❞
❛❝❝♦M❞✐♥❣ H♦ H❤❡ ♣M♦H❡✐♥ K❡Q✉❡♥❝❡ ✇✐H❤ H❤❡ ❤✐❣❤❡KH ●❡♥❡✐K❡ K❝♦M❡✳ ❆❧❧ ❊❙❚K K❡Q✉❡♥❝❡K ♦❢ ♣M❡K❡♥H
♣M♦❥❡❝HK ❤❛✈❡ ❜❡❡♥ ❞❡♣♦K✐H❡❞ H♦ ❊▼❇▲ ❛♥❞ ●❡♥❇❛♥❦ ✭❚❛❜✳ ✷✳✷✮✳
❆♠♦♥❣ ✬♣M✐♠❡M✬ H❛①❛✱ H❤M❡❡ ✈❡MH❡❜M❛H❡ K♣❡❝✐❡K ❤❛❞ ❜❡❡♥ ✐♥❝❧✉❞❡❞ H♦ HM❛✐♥ ♣❍▼▼K ❢♦M ♦MH❤♦❧♦❣② ♣M❡✲
❞✐❝H✐♦♥✳ ❡MH❡❜M❛H❡K ❛♥❞ ♠✉❧H✐♣❧❡ ❉O♦N♦♣❤✐❧❛ K♣❡❝✐❡K ✇❡M❡ ♥♦H M❡❧❡✈❛♥H ❢♦M ❛❞❞M❡KK❡❞ ♣❤②❧♦❣❡♥❡H✐❝
Q✉❡KH✐♦♥K✳ ❙✉❜K❡Q✉❡♥H❧②✱ ✈❡MH❡❜M❛H❡K ❛♥❞ ❡✐❣❤H ❉O♦N♦♣❤✐❧❛ ✬♣M♦H❡♦♠❡✬ K♣❡❝✐❡K ✇❡M❡ ❡①❝❧✉❞❡❞ ❢M♦♠
❢✉MH❤❡M ♣M♦❝❡KK✐♥❣ ❢♦M ❝♦♠♣✉H❛H✐♦♥❛❧ M❡❛K♦♥K✳ ❚❤❡ ❝♦♠♣❧❡H❡ ❞❛H❛ K❡H ✭❆:✶✮ ❝♦♠♣M✐K❡❞ ✷✸✸ H❛①❛ ❛♥❞
✼✼✺ ♦MH❤♦❧♦❣♦✉K ❣❡♥❡K ✭❚❛❜✳ ❆✳✷✱ ❆✳✸✮✳ ❚❤✐K ✇❛K H❤❡ M❡❢❡M❡♥❝❡ ❞❛H❛ K❡H ❢♦M ❛❧❧ ❢✉MH❤❡M ❛MH❤M♦♣♦❞ ❛♥❞
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❙❝✉M✐❣❡O❛ ✇❛K H❤❡ ♦♥❧② M❡♣M❡K❡♥H❛H✐✈❡ ♦❢ ❝❡♥H✐♣❡❞❡K✳ ❚❤❡M❡❢♦M❡✱ ♠❛HM✐① M❡❞✉❝H✐♦♥ ✇❛K ❝♦♥KHM❛✐♥H H♦
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♠❛?B✐① A❛?✉B❛?✐♦♥ ✶✼✳✻✪ ✻✷✳✸✪ ✲
♥✉♠❜❡B ♦❢ ?❛①❛ ✷✸✸ ✶✶✽ ✲
♥✉♠❜❡B ♦❢ ❣❡♥❡A ✼✼✺ ✶✷✼ ✲
❆e✸♦e ?♦?❛❧ ❛✈❡B❛❣❡ ■❈ ✵✳✵✽✼ ✵✳✻✷✺ ✵✳✹ ❛❧❧ ♣B♦?❡♦♠❡
♠❛?B✐① A❛?✉B❛?✐♦♥ ✶✷✳✼✪ ✽✶✳✹✪ ✺✺✳✽✪ A♣❡❝✐❡A ❡①❝❧✉❞❡❞
♥✉♠❜❡B ♦❢ ?❛①❛ ✷✶✻ ✸✷ ✶✵✵
♥✉♠❜❡B ♦❢ ❣❡♥❡A ✼✺✸ ✶✶✸ ✶✷✺
❚❤❡ ❞✐❛❣M❛♠ ✭❋✐❣✳ ✷✳✽✮ M❡✢❡❝HK H❤❡ M❡❞✉❝H✐♦♥ ♣M♦❝❡KK H♦ K❡❧❡❝H H❤❡ ❙❖❙ ❢M♦♠ ❞❛H❛ K❡H ❆:✶✳ ✐H❤
❡✈❡M② M❡❞✉❝H✐♦♥ KH❡♣✱ H❤❡ K✐③❡✲M❛H✐♦ ♦❢ H❤❡ ♠❛HM✐① λ ✭K✐③❡ ♦❢ H❤❡ M❡❞✉❝❡❞ ♠❛HM✐① ▼✬ ✴ K✐③❡ ♦❢ ♦M✐❣✐♥❛❧
♠❛HM✐① ▼✱ K❡❡ ✷✳✶✳✹✮ ❞❡❝M❡❛K❡K ✭❜❧✉❡ ❣M❛♣❤✮✳ ❈♦♥❝✉MM❡♥H❧②✱ H❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭■❈✮
P ✐♥❝M❡❛K❡K ✭M❡❞ ❣M❛♣❤✮✳ ▲♦✇ H♦H❛❧ ❛✈❡M❛❣❡ ■❈ ♦❢ H❤❡ ♠❛HM✐① ✐K ♣❡♥❛❧✐③❡❞❀ H❤❡ ♦♣H✐♠❛❧✐H② ❢✉♥❝H✐♦♥ f (p)
✭♦M❛♥❣❡ ❣M❛♣❤✱ K❡❡ ✷✳✶✳✹✮ M❡❛❝❤❡K ❛ ♠❛①✐♠✉♠ ❛❢H❡M ✼✻✹ M❡❞✉❝H✐♦♥ KH❡♣K ❞✐K♣❧❛②✐♥❣ ❙❖❙ ✇✐H❤ ✽✳✶✪ ♦❢
H❤❡ ♦M✐❣✐♥❛❧ ♠❛HM✐① K✐③❡✳
❋✐❣✉M❡ ✷✳✾ K❤♦✇K H❤❡ ❝♦♥♥❡❝H✐✈✐H② ❜❡H✇❡❡♥ H❛①❛ ❢♦M H❤❡ ❆:✶✲❙❖❙✳ ❚♦H❛❧ ❝♦♥♥❡❝H✐✈✐H② ✐K K❡H H♦
❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡M ♦❢ H✇♦ ♦✈❡M❧❛♣♣✐♥❣ ❣❡♥❡K ❛♥❞ H❛①❛ ✭K❡❡ K❡❝H✐♦♥ ✷✳✶✳✹✮✳ ❚❤❡ HM❡❡ ❞✐K♣❧❛②K ❤♦✇
✸✹ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
♠❛♥② ❣❡♥❡K ♦♥❡ H❛①♦♥ A K❤❛M❡K ✇✐H❤ ❛♥♦H❤❡M H❛①♦♥ B❀ ✐H ❞♦❡K ♥♦H M❡✢❡❝H ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K✳
❈❛♠♣♦❞❡❛ ❝❢✳ ❢O❛❣✐❧✐N ✭❉✐♣❧✉M❛✮✱ ❢♦M ❡①❛♠♣❧❡✱ ❤❛K ♠♦KH ❣❡♥❡K ✭✹✶✮ ✐♥ ❝♦♠♠♦♥ ✇✐H❤ ❍❡❧✐♦M❤✐N ✈✐O❡N❝❡♥N
✭▲❡♣✐❞♦♣H❡M❛✮✳ ❚❤❡ ♠❛②✢② ❇❛❡M✐N ❤❛K H❤❡ ❧❛M❣❡KH ❣❡♥❡ ♦✈❡M❧❛♣ ✇✐H❤ H❤❡ K♣M✐♥❣H❛✐❧ ❋♦❧N♦♠✐❛ ❝❛♥❞✐❞❛✱
H❤❡② K❤❛M❡ ✷✷ ❣❡♥❡K✳ ❚❤❡ K♣M✐♥❣H❛✐❧ ❆♥✉O✐❞❛ ♠❛O✐M✐♠❛ K❤❛M❡K ♠♦KH ❣❡♥❡K ✭✷✵ ❣❡♥❡K✮ ✇✐H❤ H❤❡ ✬H❛①❛
❣M♦✉♣✬ ✭❇❛❡M✐N✱❋♦❧N♦♠✐❛ ❝❛♥❞✐❞❛✮✳ ❆❧K♦ H❤❡ ♣M♦H✉M❛♥ ❆❝❡O❡♥M♦♠♦♥ ❢O❛♥③✐ K❤♦✇K ✐HK ❧❛M❣❡KH ❣❡♥❡ ♦✈❡M❧❛♣
✭✸✺ ❣❡♥❡K✮ ✇✐H❤ ❛ ❜✉HH❡M✢② ✰ ❛ ♣❡♥❛❡✐❞ K❤M✐♠♣K ✭^❧✉M❡❧❧❛ ①②❧♦NM❡❧❧❛✱▼❛ON✉♣❡♥❛❡✉N ❥❛♣♦♥✐❝✉N✮✳ ✐H❤
H❤❡ ♣❡♥❛❡✐❞ K❤M✐♠♣ ♦♥❧②✱ ❆♥✉O✐❞❛ ❤❛K ✸✸ ❣❡♥❡K ✐♥ ❝♦♠♠♦♥✳ ❇❧❛MM❡❧❧❛ ✭❇❧❛HH♦❞❡❛✮ K❤♦✇K ✐HK ♠❛①✐♠❛❧
❣❡♥❡ ♦✈❡M❧❛♣ ✭✷✶ ❣❡♥❡K✮ ✇✐H❤ ❈❛❧❛♥✉N ✭❈M✉KH❛❝❡❛✮✳ ■♥ H♦H❛❧✱ H❤✐K ✐K H❤❡ K♠❛❧❧❡KH ♠❛①✐♠❛❧ ❣❡♥❡ ♦✈❡M❧❛♣
❜❡H✇❡❡♥ H✇♦ H❛①❛ ✐♥ H❤✐K ❞❛H❛ K✉❜K❡H✳ ▼♦KH ♣M♦H❡♦♠❡ K♣❡❝✐❡K K❤♦✇ ❛ ♠❛①✐♠❛❧ ❣❡♥❡ ♦✈❡M❧❛♣ ✇✐H❤ ♦H❤❡M
♣M♦H❡♦♠❡ H❛①❛✳
❋✐❣✉M❡ ✷✳✼✳✿ ❙❡❧❡❝>❡❞ ♦♣>✐♠❛❧ @✉❜@❡> ✭❙❖❙✮ ♦❢ ❞❛>❛ @❡> ❆8✶✳ ❚❤❡ @✉❜♠❛>A✐① ❝♦♠♣A✐@❡@ ✶✶✼ >❛①❛ ✭A♦✇@✮ ❛♥❞ ✶✷✾
❣❡♥❡@ ✭❝♦❧✉♠♥@✮✳ ❚❤❡ ♠❛>A✐① ✐@ @♦A>❡❞❀ ❤✐❣❤ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> ✭■❈✮ ❛♥❞ ♠❛>A✐① @❛>✉A❛>✐♦♥ ✐@ ❧♦❝❛>❡❞
♦♥ >❤❡ ❧❡❢>✱ >♦♣❀ ❧♦✇ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> ❛♥❞ ♠❛>A✐① @❛>✉A❛>✐♦♥ ✐@ ❧♦❝❛>❡❞ ♦♥ A✐❣❤>✱ ❜♦>>♦♠✳ ❚❤❡ ✜A@>
❛♥❞ @❡❝♦♥❞ A♦✇ ❞✐@♣❧❛② >❤❡ ❝♦♥@>A❛✐♥> >❛①❛ ❚✐❣A✐♦♣✉? ✭❈♦♣❡♣♦❞❛✱ ❈A✉@>❛❝❡❛✮ ❛♥❞ ❙❝✉=✐❣❡A❛ ✭❉✐♣❧♦♣♦❞❛✱
▼②A✐❛♣♦❞❛✮✳ ✲❛①✐@✿ ❣❡♥❡@✱ ✲❛①✐@✿ >❛①❛✳ e♦>❡♥>✐❛❧ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> A❛♥❣❡@ ❢A♦♠ ✵✳✵✕✶✳✵ ✭✶✵ ✉♥✐>@✮
❛♥❞ ✐@ ❝♦❧♦A ❝♦❞❡❞ ❢A♦♠ ❞❛A❦ ❜❧✉❡ ✭> ✵✳✾✕✶✳✵✮ >♦ ✇❤✐>❡ ✭■❈ ♦❢ ≥ ✵✕✵✳✶ ♦A ♠✐@@✐♥❣ ❞❛>❛✮✳ ●❡♥❡@ ✇✐>❤ ❛ ■❈
< ✵✳✵✹ ✇❡A❡ ❝♦♥@✐❞❡A❡❞ ❛@ ❛❜@❡♥>✳ ❚♦>❛❧ ❛✈❡A❛❣❡ ■❈ ♦❢ >❤❡ ♠❛>A✐①✿ ✵✳✹✸✱ ♦✈❡A❛❧❧ @❛>✉A❛>✐♦♥✿ ✻✷✳✸✪✳
✷✳✸✳ ❘❡K✉❧HK ✸✺












Selection of an optimal data set out of AP_1
❋✐❣✉M❡ ✷✳✽✳✿ eA♦❝❡@@ ♦❢ A❡❞✉❝>✐♦♥ ❤❡✉A✐@>✐❝@ ❢♦A @❡❧❡❝>✐♥❣ ❛♥ ❙❖❙ ♦✉> ♦❢ ❞❛>❛ @❡> ❆8✶✳ ❚❤❡ @✐③❡ A❛>✐♦ λ ✭❜❧✉❡✮ ♦❢
❞❡❝A❡❛@❡@ ✇❤✐❧❡ >❤❡ >♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥> P  ♦❢ >❤❡ ♠❛>A✐① ✐♥❝A❡❛@❡@ ✭A❡❞✮✳ ❚❤❡ ♦♣>✐♠❛❧✐>②
❢✉♥❝>✐♦♥ f (P ) ✭♦A❛♥❣❡✮✱ ✭@❡❡ ✷✳✶✳✹✮ A❡❛❝❤❡@ ✐>@ ♠❛①✐♠✉♠ ✭✐♥>❡A@❡❝>✐♦♥ ♣♦✐♥>✮ ❛❢>❡A ✼✻✹ A❡❞✉❝>✐♦♥ @>❡♣@✳
❚❤❡ ✉♥♠❛K❦❡❞ ❙❖❙✱ ❆:♦♣✉♥✱ ✇❛K ❝♦♠♣❛M❡❞ ✇✐H❤ H❤❡ ♠❛K❦❡❞ ❙❖❙ ♦❢ ❆:✶ H♦ ❡✈❛❧✉❛H❡ H❤❡ ✐♠♣❛❝H
♦❢ ❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣ ♦♥ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥✳ ❚❤❡ ❝♦♥❝❛H❡♥❛H❡❞ ✉♥♠❛K❦❡❞
❙❖❙ ❛❧✐❣♥♠❡♥H ❤❛K ❛ ❧❡♥❣H❤ ♦❢ ✽✶✱✼✶✸ ❛♠✐♥♦ ❛❝✐❞ ♣♦K✐H✐♦♥K ✇✐H❤ ❛ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H
✭■❈✮ ♦❢ ✵✳✷✹✹ ✭❋✐❣✳ ✷✳✶✵✮✳ ❚❤✐K ✐K K✉❜KH❛♥H✐❛❧❧② ❧♦✇❡M ❝♦♠♣❛M❡❞ ✇✐H❤ H❤❡ ♠❛K❦❡❞ ❙❖❙ ✭H♦H❛❧ ❛✈❡M❛❣❡
■❈✿ ✵✳✹✸✱ K❡❡ ❋✐❣✳ ✷✳✼✮✳ ❋♦M ✶✻ ❣❡♥❡K✱ H❤❡ ■❈ ✐K ❂ ✵✳ ❚❤❡ ♠❛HM✐① K❛H✉M❛H✐♦♥ ♦❢ ❆:♦♣✉♥ ✐K ❛❣❛✐♥ ❧♦✇❡M
✭✹✶✳✾✪✮ ❝♦♠♣❛M❡❞ ✇✐H❤ H❤❡ ♠❛K❦❡❞ ❙❖❙ ✭✻✸✳✷✪✮✳ ❚❤❡ ❡✛❡❝H ♦❢ ❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣✱ ❛ M❡❞✉❝H✐♦♥ ♦❢
♥♦✐K❡✱ ✐K ❛❧K♦ ✈✐K✉❛❧✐③❡❞ ✐♥ K♣❧✐H ♥❡H✇♦M❦K ✭K❡❡ K❡❝H✐♦♥ ✷✳✸✳✷ ❛♥❞ ❋✐❣K✳ ✷✳✶✻✲✷✳✶✼✮✳
❘✐❜♦N♦♠❛❧ ❛♥❞ ♥♦♥✲O✐❜♦N♦♠❛❧ ❞❛M❛ N✉❜N❡MN ❆&✶(✐ ❛♥❞ ❆&✶♥(✐
❉❛H❛ K✉❜K❡HK ❆:✶D✐ ❛♥❞ ❆:✶♥D✐ ✇❡M❡ ❝M❡❛H❡❞ ❜② K♣❧✐HH✐♥❣ H❤❡ ❙❖❙ ♦❢ ❆:✶ ✐♥H♦ M✐❜♦K♦♠❛❧
❛♥❞ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✳ ❆:✶D✐ ❝♦♥K✐KHK ♦❢ ✸✷ M✐❜♦K♦♠❛❧ ❣❡♥❡K ✭❚❛❜✳ ❆✳✹✮ ❛♥❞
❆:✶♥D✐ ❝♦♥K✐KHK ♦❢ ✾✼ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✳ ❇♦H❤ ❞❛H❛ K❡HK ✐♥❝❧✉❞❡ ❛❧❧ H❛①❛ ♦❢ H❤❡
❙❖❙ ♦❢ ❆:✶✳ ❉❛H❛ K✉❜K❡H ❆:✶D✐ K❤♦✇K ❛ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ✵✳✺✷✷ ❛♥❞ ❛ ♠❛HM✐①
K❛H✉M❛H✐♦♥ ♦❢ ✽✷✳✾✪✳ ❚❤✐K ✐K K✐③❡❛❜❧② ❤✐❣❤❡M ❝♦♠♣❛M❡❞ ✇✐H❤ H❤❡ ❙❖❙ ♦❢ ❆:✶✳ ❉❛H❛ K✉❜K❡H ❆:✶♥D✐
K❤♦✇K ❛ K❧✐❣❤H❧② ❧♦✇❡M H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭✵✳✹✮ ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✺✺✳✺✪ H❤❛♥ H❤❡
❙❖❙ ♦❢ ❆:✶✳ ❚❤❡ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ❛♠♦♥❣ K✐♥❣❧❡ ❣❡♥❡K ❤✐❣❤❧② ❤❡H❡M♦❣❡♥❡♦✉K ✐♥ ❜♦H❤ ❞❛H❛ K✉❜K❡HK✳
❤②❧♦❣❡♥❡H✐❝ HM❡❡K ✇❡M❡ ✐♥❢❡MM❡❞ ❢♦M H❤❡ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❛♣♣M♦❛❝❤ ✭K❡❡ ✷✳✷✳✼✮ H♦ ❡①❛♠✐♥❡ H♦♣♦✲
❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K✳ ▼❛✐♥❧②✱ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♠②M✐❛♣♦❞ K♣❡❝✐❡K ❛♥❞ M❡❧❛H✐♦♥K❤✐♣ ❜❡H✇❡❡♥ M♦H✉M❛ ❛♥❞
❉✐♣❧✉M❛ ✇❛K ❛❞❞M❡KK❡❞✳ ❚❤❡ ✐❞❡❛ ✇❛K H♦ ❡①❛♠✐♥❡ ✐❢ ❡✳❣✳ ◆♦♥♦❝✉❧❛H❛ ✐K K✉♣♣♦MH❡❞ ❜② M✐❜♦K♦♠❛❧ ❛♥❞
♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡ K❡HK✳ ❚❤✐K ❝❧❛❞❡ ❤❛K ❜❡❡♥ M❡❝❡♥H❧② ✐♥❢❡MM❡❞ ❜② KH✉❞✐❡K ❞❡❛❧✐♥❣ ✇✐H❤
M✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡K ✭❡✳❣✳ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✹✱ ✷✵✵✺❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀
✸✻ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ■♥ K♣✐H❡ ♦❢ ❤✐❣❤ K✉♣♣♦MH ❢♦M H❤✐K ❝❧❛❞❡ ✐♥ ♠♦KH KH✉❞✐❡K✱ ✐H ❤❛K ❜❡❡♥ ❞✐K❝✉KK❡❞
❜② K❡✈❡M❛❧ ❛✉H❤♦MK ❛K ❜✐❛K❡❞ ❞✉❡ H♦ ●❈✲M✐❝❤♥❡KK ✐♥ M❘◆❆ K❡Q✉❡♥❝❡K ✭❡✳❣✳ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ●❛♦ ❡H ❛❧✳✱
✷✵✵✽❀ ❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ ●❈✲M✐❝❤♥❡KK ♠✐❣❤H ❜❡ ♥♦H M❡KHM✐❝H❡❞
H♦ KHM✉❝H✉M❛❧ ❘◆❆K✱ ❜✉H ♠❛② ❛❧K♦ ❜❡ ♣M❡K❡♥H ✐♥ M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ✭❉❡❧❧✬❆♠♣✐♦✱ ♣❡MK✳
❝♦♠♠✳✮✳ ❋♦M ❆:✶D✐✱ H❤❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❣❡♥❡K ✈❛M✐❡K ❢M♦♠ ✵✳✹✷✕✵✳✽✻✳ ❚❤❡ ❞✐KHM✐❜✉H✐♦♥ ♦❢
♣M❡K❡♥H|❛❜K❡♥H ❞❛H❛ M❡K❡♠❜❧❡K ❛ ●❛✉KK✐❛♥ ❞✐KHM✐❜✉H✐♦♥ ✭❋✐❣✳ ✷✳✶✶✮✳ ❋♦M ❆:✶♥D✐✱ H❤❡ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H ♦❢ ❣❡♥❡K M❛♥❣❡K ❢M♦♠ ✵✳✹✻✕✵✳✾✷ ❛♥❞ K❤♦✇K ❛♥ ❡①♣♦♥❡♥H✐❛❧ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ♣M❡K❡♥H|❛❜K❡♥H ❞❛H❛
✭❋✐❣✳ ✷✳✶✶✮✳ ❙♦♠❡ H❛①❛ ❤❛✈❡ ♦♥❧② ❢❡✇ ❣❡♥❡K ✐♥ ❝♦♠♠♦♥✿ ❢♦M ❡①❛♠♣❧❡✱ ✇✐H❤✐♥ H❤❡ ♥♦♥✲M✐❜♦K♦♠❛❧ ❞❛H❛
K✉❜K❡H ❆:✶♥D✐✱ H❤❡ ❝❡♥H✐♣❡❞❡ ❙❝✉M✐❣❡O❛ ❛♥❞ H❤❡ ♠✐❧❧✐♣❡❞❡ ❆O❝❤✐N♣✐O♦NMO❡♣M✉N K❤❛M❡ ♦♥❧② H✇♦ ❣❡♥❡K✱









































































































































































































































































































































































































































































































































❋✐❣✉M❡ ✷✳✾✳✿ ❉✐@>❛♥❝❡ >A❡❡ ♦❢ >❤❡ ❙❖❙ ♦❢ ✭❆8✶✮ ✇❤✐❝❤ ❞✐@♣❧❛②@ ❝♦♥♥❡❝>✐✈✐>②✱ ♠❡❛♥✐♥❣ ❣❡♥❡ ♦✈❡A❧❛♣ ♦A ✬❣❡♥❡ ❝❧✉@>❡A@✬
❜❡>✇❡❡♥ @♣❡❝✐❡@ ✐❞❡♥>✐✜❡❞ ❜② ▼❆❘❊✳ eA♦>❡♦♠❡ @♣❡❝✐❡@ ✭❈❛♣✐>❛❧ ❧❡>>❡A@✮✿ ❣A❛②❀ ♦✇♥ ❊❙❚ >❛①❛ ✭❆❝❡A❡♥✲
=♦♠♦♥✱ ❈❛♠♣♦❞❡❛✱ ❆♥✉A✐❞❛✱ ▲❡♣✐?♠❛❝❤✐❧✐?✮✿ ❜❧✉❡✳
✸✽ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❋✐❣✉M❡ ✷✳✶✵✳✿ ▼❛>A✐① ♦❢ >❤❡ ✉♥♠❛@❦❡❞ ❙❖❙ ❆8♦♣✉♥✳ ▲❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A ❝♦❞❡ ❛A❡ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✷✳✼✳ ❚♦>❛❧ ❛✈❡A❛❣❡
✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✷✹✹✱ ♠❛>A✐① @❛>✉A❛>✐♦♥✿ ✹✶✳✾✪✳
❉❛M❛ N❡M ❆&✷
❋♦M ❞❛H❛ K❡H ❆:✷✱ ❛❞❞✐H✐♦♥❛❧❧② H❤❡ ✈❡❧✈❡H ✇♦M♠ ❊♣✐♣❡O✐♣❛M✉N N♣✳ ✇❛K ❞❡✜♥❡❞ ❛K ❝♦♥KHM❛✐♥H ✭❚❛❜✳ ✷✳✸✮✳
❚❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ♦❢ ✐HK ❙❖❙ ✇❛K K✐♠✐❧❛M H♦ H❤❡ ❙❖❙ ♦❢
❆:✶ ✭❚❛❜✳ ✷✳✹✮✳ ❆♣❛MH ❢M♦♠ ❊♣✐♣❡O✐♣❛M✉N K♣✳✱ ✐❞❡♥H✐❝❛❧ H❛①❛ ✇❡M❡ K❡❧❡❝H❡❞✳ ■♥KH❡❛❞ ♦❢ ✶✷✾ ❣❡♥❡K✱ ✶✷✼
❣❡♥❡K ✇❡M❡ K❡❧❡❝H❡❞✳ ❆❧❧ K❡❧❡❝H❡❞ ❣❡♥❡K ❛❧M❡❛❞② ❤❛❞ ♣M❡K❡♥H ✐♥ H❤❡ ❙❖❙ ♦❢ ❆:✶✳ ❚❤❡ ❙❖❙ ❛❧✐❣♥♠❡♥H
♦❢ ❞❛H❛ K❡H ❆:✷ ❤❛K ❛ ❧❡♥❣H❤ ♦❢ ✸✼✱✵✹✺ ❛♠✐♥♦ ❛❝✐❞ ♣♦K✐H✐♦♥K✳ ❚❤✐K ✐K ♦♥❧② ✹✸✶ ❧❡KK ❝❤❛M❛❝H❡MK H❤❛♥ H❤❡
❙❖❙ ❛❧✐❣♥♠❡♥H ♦❢ ❆:✶✳ ●❡♥❡ ♥✉♠❜❡M ✶✶✸✼✼✱ ✇❤✐❝❤ ❝♦❞❡K ❢♦M ❛♥ ❛M❣✐♥✐♥❡✴K❡M✐♥❡✲M✐❝❤ K♣❧✐❝✐♥❣ ❢❛❝H♦M✱
❛♥❞ ❣❡♥❡ ♥✉♠❜❡M ✶✶✽✶✹✱ ❝♦❞✐♥❣ ❢♦M H❤❡ ❡♥③②♠❡ ❧❛❝H♦②❧❣❧✉H❛H❤✐♦♥❡ ❧②❛K❡✱ ❤❛❞ ❜❡❡♥ ❞M♦♣♣❡❞ ❢M♦♠ H❤❡
♠❛HM✐① ✭❚❛❜✳ ❆✳✸✮✳
✷✳✸✳ ❘❡K✉❧HK ✸✾
❋✐❣✉M❡ ✷✳✶✶✳✿ ▼❛>A✐① ♦❢ ❞❛>❛ @✉❜@❡> ❆8✶C✐ ✭✸✷ ❣❡♥❡@✮ ❛♥❞ ❞❛>❛ @✉❜@❡> ❆8✶♥C✐ ✭✾✼ ❣❡♥❡@✮✳ ▲❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A
❝♦❞❡ ❛A❡ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✷✳✼✳ ❆8✶C✐✿ >♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✺✷✷✱ ♠❛>A✐① @❛>✉A❛>✐♦♥✿
✽✷✳✾✪✳ ❆8✶♥C✐✿ >♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✹✱ ♠❛>A✐① @❛>✉A❛>✐♦♥✿ ✺✺✳✺✪✳
❉❛M❛ N❡M ❆&✸♦&
❉❛H❛ K❡H ❆:✸♦: ❝♦✈❡MK ✷✶✻ H❛①❛ ❛♥❞ ✼✺✸ ❣❡♥❡K❀ ✷✸ ❣❡♥❡K ❛M❡ ♥♦H ❝♦♥K✐❞❡M❡❞ ❜❡❝❛✉K❡ H❤❡② ❝♦♠♣M✐K❡❞
❧❡KK H❤❛♥ ✹ H❛①❛✳ ❚♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭✵✳✵✽✼✮ ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✭✶✷✳✼✪✮ ❛M❡ K♠❛❧❧❡M
❝♦♠♣❛M❡❞ ✇✐H❤ ❆:✶ ✭❚❛❜✳ ✷✳✹✮ ✇❤✐❧❡ H❤❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ K✐♥❣❧❡ ❣❡♥❡K M❡♠❛M❦❛❜❧② ❞✐✛❡MK✳ ✺✼
❣❡♥❡K ❤❛✈❡ ❛ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❂ ✵ ✭❚❛❜✳ ❆✳✺✮✳ M❡K❡♥H|❛❜K❡♥H ❞❛H❛ ❛M❡ ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H❡❞ ❛♥❞
♣♦H❡♥H✐❛❧ K✐❣♥❛❧ H❤M♦✉❣❤♦✉H H❤❡ ♠❛HM✐① K❤♦✇K ❛ ❤✐❣❤ ❤❡H❡M♦❣❡♥❡✐H②✳ ❚❤❡ ❙❖❙ ❝♦✈❡MK ✶✶✸ ❣❡♥❡K✱ ❜✉H
♦♥❧② ✸✷ H❛①❛ ✭H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✿ ✵✳✻✷✺✱ ♠❛HM✐① K❛H✉M❛H✐♦♥✿ ✽✶✳✹✪✮✳ ❆♣♣❧②✐♥❣ H❛①❛
✇❡✐❣❤H✐♥❣✱ H❤❡ ❙❖❙ ♦❜H❛✐♥❡❞ ❛♥ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ✵✳✹ ❛♥❞ ❛ ♠❛HM✐① K❛H✉M❛H✐♦♥ ♦❢
✺✺✳✽✪ ✇✐H❤ ✶✷✺ H❛①❛ ❛♥❞ ✶✵✵ ❣❡♥❡K ✭❋✐❣✳ ✷✳✶✷✱ ❚❛❜✳ ❆✳✺✮✳ ❚❤❡ ❛❧✐❣♥♠❡♥H K♣❛♥K ✷✾✱✺✸✹ ❛♠✐♥♦
❛❝✐❞ ♣♦K✐H✐♦♥K✳ ❚❤❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❣❡♥❡K M❛♥❣❡K ❢M♦♠ ✵✳✾✺✕✵✳✹✶✳ ❋♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✱
❧❛HH❡M ❙❖❙ ✇❛K ✉K❡❞ ❞✉❡ H♦ ✐HK ❢❛✐M❧② ❜❛❧❛♥❝❡❞ H❛①♦♥✲❣❡♥❡ M❛H✐♦✳ ■H K❤❛M❡K ✾✼ ❣❡♥❡K ✇✐H❤ ❙❖❙ ♦❢
❆:✶✳ ❚❤❡ ❙❖❙ ✐♥❝❧✉❞❡K H❤M❡❡ ❣❡♥❡K H❤❛H ❛M❡ ♥♦H ♣M❡K❡♥H ✐♥ H❤❡ ❙❖❙ ♦❢ ❆:✶ ✭K✐❣♥❛❧ K❡Q✉❡♥❝❡
M❡❝❡♣H♦M✿ ❣❡♥❡ ✶✶✻✼✻❀ HM❛♥K❧♦❝♦♥✲❛KK♦❝✐❛H❡❞ ♣M♦H❡✐♥ ❣❛♠♠❛ K✉❜✉♥✐H✿ ❣❡♥❡ ✶✶✽✶✶❀ ♣②M✉✈❛H❡ ❦✐♥❛K❡✿
❣❡♥❡ ✶✷✵✶✽✱ ♠❛M❦❡❞ ✐♥ ❜❧✉❡✱ ❚❛❜✳ ❆✳✺✮ ❛♥❞ ✷✹ ❛❞❞✐H✐♦♥❛❧ H❛①❛ ✭❚❛❜✳ ❆✳✻✮✳ ❚✐❣O✐♦♣✉N✱ ❙❝✉M✐❣❡O❛
❛♥❞ ❊♣✐♣❡O✐♣❛M✉N M❡H❛✐♥❡❞ ✐♥ H❤❡ ❙❖❙ ✇✐H❤♦✉H ❞❡✜♥✐♥❣ H❤❡♠ ❛K ❝♦♥KHM❛✐♥HK✳ ❚❤❡ ❙❖❙ KH✐❧❧ K❤♦✇K ❛
♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ♣M❡K❡♥H|❛❜K❡♥H ❞❛H❛ ❛♥❞ ❛ ❤✐❣❤ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧✳ ❋♦M ✽✵
❣❡♥❡K✱ H❤❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✇❛K ❤✐❣❤❡M H❤❛♥ ✐♥ H❤❡ ❙❖❙ ♦❢ ❆:✶✳


















































































































































































































































































































































































































































































































































































































































potential relative information content
1 0
❋✐❣✉M❡ ✷✳✶✷✳✿ ❙❖❙ ♠❛>A✐① ♦❢ ❆8✸♦8 ✭✲ > ♦♣>✐♦♥✮✳ ❚❤❡ ❙❖❙ ❝♦✈❡A@ ✶✷✺ >❛①❛ ❛♥❞ ✶✵✵ ❣❡♥❡@✳ ▲❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A ❝♦❞❡
❛A❡ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✷✳✼✳ ❚♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✹✱ ♠❛>A✐① @❛>✉A❛>✐♦♥✿ ✺✺✳✽✪✳
✷✳✸✳ ❘❡K✉❧HK ✹✶
❊♥❞♦♣M❡O②❣♦M❡ ❞❛M❛ N❡MN
❆❧❧ ♦M✐❣✐♥❛❧ ❡♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡HK K❤♦✇ ❛ ❤✐❣❤ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ❛♠♦♥❣ ❣❡♥❡K ❛♥❞ ❛
KHM♦♥❣ ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ♣M❡K❡♥H|❛❜K❡♥H ❞❛H❛✳
❉❛M❛ N❡MN ❊♥ ❛♥❞ ❊♥❉❛
❊♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡HK ❊♥ ❛♥❞ ❊♥❉❛ K❤♦✇ ❜♦H❤ ❛ K✐♠✐❧❛M H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭≈
✵✳✶✶✮ ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ✭≈ ✶✺✕✶✻✪✮✳ ❇♦H❤ ♦♣H✐♠❛❧ K✉❜K❡HK K❡❧❡❝H❡❞ ❜② ▼❆❘❊ ✭❡✐H❤❡M ✇✐H❤ ♦M
✇✐H❤♦✉H H❛①❛ ✇❡✐❣❤H✐♥❣✮ ✇❡M❡ M❛H❤❡M ✐♥❛♣♣M♦♣M✐❛H❡ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ❞✉❡ H♦ ❛♥ ✉♥❜❛❧❛♥❝❡❞
H❛①♦♥✲❣❡♥❡ M❛H✐♦✳ ❚❤❡ ❙❖❙ ♦❢ ❊♥ ❝♦♥K✐KH❡❞ ♦❢ ✾ H❛①❛ ❛♥❞ ✸✻✺ ❣❡♥❡K✱ M❡K♣❡❝H✐✈❡❧② ✸✵ H❛①❛ ❛♥❞ ✺✶✾
❣❡♥❡K ✭✲ H ♦♣H✐♦♥ ❛♣♣❧✐❡❞✱ ❚❛❜✳ ✷✳✺✮✳ ▲✐❦❡✇✐K❡✱ H♦♦ ♠✉❝❤ H❛①❛ ❤❛❞ ❜❡❡♥ ❞M♦♣♣❡❞ ♦❢ ❞❛H❛ K❡H ❊♥❉❛
❡✐H❤❡M ✇✐H❤♦✉H ♦M ✇✐H❤ H❛①❛ ✇❡✐❣❤H❡❞✳ ◆❡✈❡MH❤❡❧❡KK✱ H❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ ♠❛HM✐①
K❛H✉M❛H✐♦♥ M❡♠❛M❦❛❜❧② ✐♥❝M❡❛K❡❞ ❢♦M ❜♦H❤ ❞❛H❛ K❡HK✳ ❚♦ ❣❛✐♥ ❛ ❝♦♥K✐❞❡M❛❜❧❡ H❛①♦♥✲❣❡♥❡ M❛H✐♦✱ ✜✈❡
♣M♦H❡♦♠❡ H❛①❛ ❤❛❞ ❜❡❡♥ ❡①❝❧✉❞❡❞ ✭❊♥♦: ❛♥❞ ❊♥♦:❉❛✱ K❡❡ ❚❛❜✳ ✷✳✸✮✳
❉❛M❛ N❡MN ❊♥♦& ❛♥❞ ❊♥♦&❉❛
❊♥♦: ❛♥❞ ❊♥♦:❉❛ K❤♦✇ ❛ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✭■❈✮ ♦❢ ≈ ✵✳✵✾ ❛♥❞ ❛ ♠❛HM✐① K❛H✉M❛H✐♦♥
♦❢ ≈ ✶✷✪✳ ❇♦H❤ ❙❖❙ ✭❣❡♥❡M❛H❡❞ ✇✐H❤ ❞❡❢❛✉❧H K❡HH✐♥❣K✮ M❡✈❡❛❧❡❞ ❛♥ H♦H❛❧ ❛✈❡M❛❣❡ ■❈ ❛♥❞ ❛ ♠❛HM✐①
K❛H✉M❛H✐♦♥ H❤❛H ✇❡M❡ ✐♥❝M❡❛K❡❞ ❜② ❛ ❢❛❝H♦M ♦❢ ✶✵ ✭H♦H❛❧ ❛✈❡M❛❣❡ ■❈✿ ≈ ✵✳✾✱ ♠❛HM✐① K❛H✉M❛H✐♦♥✿ ✶✵✵✪
✴ ✾✽✳✷✪✱ ❚❛❜✳ ✷✳✺✮✳ ❚❤❡ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ❛♠♦♥❣ ❣❡♥❡K ✇❛K ✈❡M② ❧♦✇ ✐♥ ❜♦H❤ ❙❖❙✳
❆❣❛✐♥✱ H❤❡ ❞❡❢❛✉❧H K❡HH✐♥❣ ♦❢ ▼❆❘❊ M❡K✉❧H❡❞ ✐♥ K✉❜K❡HK ✇✐H❤ ❛♥ ✉♥❜❛❧❛♥❝❡❞ H❛①♦♥✲❣❡♥❡ M❛H✐♦ ✭✹ H❛①❛✱
✸✹✺ ❣❡♥❡K ❢♦M ❊♥♦: ❛♥❞ ✺ H❛①❛✱ ✷✷✻ ❣❡♥❡K ❢♦M ❊♥♦:❉❛✮✳ ❆❞❞✐H✐♦♥❛❧❧②✱ ❜♦H❤ ❙❖❙ ❡①❝❧✉K✐✈❡❧② ❝♦♥K✐KH❡❞
♦❢ ♣M♦H❡♦♠❡ K♣❡❝✐❡K ✇❤✐❝❤ ❝♦✈❡M❡❞ ❛❧❧ ❣❡♥❡K ✭❋✐❣✳ ✷✳✶✸✮✳ M♦H❡♦♠❡ K♣❡❝✐❡K ✇✐H❤✐♥ H❤❡K❡ ❞❛H❛ ♠❛HM✐❝❡K
♠❛② ❛HH❛❝❤ ❣M❡❛H ✇❡✐❣❤H ❞✉M✐♥❣ K❡❧❡❝H✐♦♥✱ ✐♥ ❢❛✈♦M H♦ ❦❡❡♣ H❤❡♠✳ ❚❤❡K❡ K✉❜K❡HK ✇❡M❡ ♥♦H ✉K❡❞ ❢♦M
♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✱ K✐♥❝❡ ✐H ✇❛K ❛✐♠❡❞ H♦ ♦❜H❛✐♥ K✉❜K❡HK ✇✐H❤ ♠✉❝❤ H❛①❛ ❛K ♣♦KK✐❜❧❡✳ ❚❤❡ ✉K❛❣❡ ♦❢
H❤❡ ✲ H ♦♣H✐♦♥ M❡K✉❧H❡❞ ✐♥ K✉❜K❡HK ✇✐H❤ ❛ ♠♦M❡ ❜❛❧❛♥❝❡❞ H❛①♦♥✲❣❡♥❡ M❛H✐♦✱ ❛❧❜❡✐H ♥♦H ✐❞❡❛❧✳ ❚❤❡ ❙❖❙ ♦❢
❊♥♦: ❝♦✈❡MK ✷✾ H❛①❛ ❛♥❞ ✻✸ ❣❡♥❡K ✭H♦H❛❧ ❛✈❡M❛❣❡ ■❈✿ ✵✳✻✼❀ ♠❛HM✐① K❛H✉M❛H✐♦♥✿ > ✽✵✪✮ ❛♥❞ ❞✐K♣❧❛②K
❛ ❧♦✇ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ❛♠♦♥❣ ❣❡♥❡K✳ ❚❤❡ ❙❖❙ ♦❢ ❊♥♦:❉❛ ✐♥❝❧✉❞❡K ✷✾ H❛①❛ ❛♥❞
✶✶✷ ❣❡♥❡K ✭H♦H❛❧ ❛✈❡M❛❣❡ ■❈✿ ✵✳✻❀ ♠❛HM✐① K❛H✉M❛H✐♦♥✿ ✼✽✪✮ ❛♥❞ K❤♦✇K ❛ ♠♦❞❡M❛H❡ K✐❣♥❛❧ ❤❡H❡M♦❣❡♥❡✐H②
❛♠♦♥❣ ❣❡♥❡K ✭❋✐❣✳ ✷✳✶✹✮✳ ❇♦H❤ ❙❖❙ ✇❡M❡ ✉K❡❞ ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ✭❚❛❜✳ ✷✳✺✮✳
❉❛H❛ K❡H ❊♥♦:❉❛ ✭✲ H ♦♣H✐♦♥✮ ❞❡♠♦♥KHM❛H❡K H❤❡ ♣♦KK✐❜❧❡ ✐♠♣❛❝H ♦♥ H❤❡ ♣❡M❢♦M♠❛♥❝❡ ♦❢ M❡❞✉❝H✐♦♥
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✐♥K❡❝HK ✭❡①❝❡♣H ❤❡♠✐♣H❡M❛♥K✮✳ ❚❤✐K ❛♣♣❧✐❡K ❛❧K♦ ❢♦M ❉✐♣H❡M❛ ✭❍❡①❛♣♦❞❛✮✱ ❇M❛♥❝❤✐♦♣♦❞❛ ✭❈M✉KH❛❝❡❛✮
♦M ▼②M✐❛♣♦❞❛✳ ✐H❤✐♥ H❤❡ ♠❛K❦❡❞ ❙❖❙✱ ❝♦♠♠♦♥ ♣❛HH❡M♥K ❢♦M ❧❛M❣❡ ❝❧❛❞❡K✱ ❢♦M ❡①❛♠♣❧❡ ❡❝H♦❣♥❛H❤♦✉K
❤❡①❛♣♦❞K✱ ❛M❡ ♠♦M❡ ❞✐KH✐♥❝H H❤❛♥ H❤❡ ✉♥♠❛K❦❡❞ ❣M❛♣❤✳ ❚❤✐K ♠✐❣❤H ✐♥❞✐❝❛H❡ ❛♥ ✐♥❝M❡❛K❡❞ K✐❣♥❛❧✳ ❇♦H❤
❣M❛♣❤K✱ ♠♦M❡♦✈❡M✱ ✐♥❞✐❝❛H❡ H❤❡ ♣M❡K❡♥❝❡ ♦❢ K♦♠❡ H②♣✐❝❛❧ ♣M♦❜❧❡♠K ♦❢ KH✉❞✐❡K H❤❛H ❛❞❞M❡KK ❞❡❡♣ ♣❤②✲
❧♦❣❡♥②✿ ✭✶✮ ❙♦♠❡ H❛①❛✱ ❢♦M ❡①❛♠♣❧❡ ❊✉❝❤❡❧✐❝❡M❛H❛ ♦M ❍❡♠✐♣H❡M❛ ❛♣♣❡❛M ✐♥ ❞✐✛❡M❡♥H K❡❝H✐♦♥K ♦❢ H❤❡
♥❡H✇♦M❦✳ ❉✐♣❧✉M❛ ❛♥❞ M♦H✉M❛ ❝❧✉KH❡M ✇✐H❤ M❡♠❛✐♥✐♥❣ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K✱ ❆M❝❤❛❡♦❣♥❛H❤❛ ✭▲❡♣✐N✲
♠❛❝❤✐❧✐N✮ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛✱ ❜✉H ❛ ❞✐KH✐♥❝H ♣❛HH❡M♥ ❢♦M ❊♥H♦❣♥❛H❤❛ ✐K ♥♦H ❝❧❡❛M❧② ♣❡M❝❡♣H✐❜❧❡✳ ✭✷✮ ❙✐♥❣❧❡
K♣❡❝✐❡K✱ ^❡❞✐❝✉❧✉N✱ K❡✈❡M❛❧ K♣❡❝✐❡K ✇✐H❤✐♥ ❊✉❝❤❡❧✐❝❡M❛H❛ ❛♥❞ ❝♦♠♣❧❡H❡ ❣M♦✉♣K ❧✐❦❡ ◆❡♠❛H♦❞❛ ❤❛✈❡ ❧♦♥❣
❜M❛♥❝❤❡K✳ ❈♦♥K❡Q✉❡♥H❧②✱ H❤❡K❡ H❛①❛ ♠❛② ❜❡ ♠✐K♣❧❛❝❡❞ ❞✉❡ H♦ K✐❣♥❛❧ ❡M♦K✐♦♥ ♦M ❤♦♠♦♣❧❛K✐❡K✳ ❚❤❡K❡
H❛①❛ ♠❛② ❤❛✈❡ ❛♥ ✐♠♣❛❝H ♦♥ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♦H❤❡M H❛①❛ ❞✉❡ H♦ ❧♦♥❣ ❜M❛♥❝❤ ❛MH✐❢❛❝HK✳ ❚❤❡✐M ♣❧❛❝❡♠❡♥H
✐♥ HM❡❡K K❤♦✉❧❞ ❜❡ ❞✐K❝✉KK❡❞ ✇✐H❤ ❝❛✉H✐♦♥ ✭u❣❡❧❡ ❛♥❞ ▼❛②❡M✱ ✷✵✵✼✮✳
✷✳✸✳✸✳ S❤②❧♦❣❡♥❡B✐❝ F❡❝♦♥DBF✉❝B✐♦♥D
❤②❧♦❣❡♥H✐❝ M❡❝♦♥KHM✉❝H✐♦♥K ♦❢ H❤✐K H❤❡K✐K ❜❛K❡ ♦♥ H❤❡ ❧❛M❣❡KH ♣❤②❧♦❣❡♥♦♠✐❝ ❛MH❤M♦♣♦❞ ❞❛H❛ K❡H ❝✉M✲
M❡♥H❧② ❛✈❛✐❧❛❜❧❡✳ ❙❡❧❡❝H✐♦♥ ♦❢ ♦♣H✐♠❛❧ K✉❜K❡HK ✭❙❖❙✮ ✇❛K K✉❝❝❡KK❢✉❧ ❢♦M ❛❧❧ ❞❛H❛ K❡HK ✇✐H❤ ❛ ♣♦✇❡M✲❧❛✇
❞✐KHM✐❜✉H✐♦♥ ✭❛MH❤M♦♣♦❞ ❛♥❞ ❡♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡HK✮✱ ❛K ✐H ✐♠♣M♦✈❡❞ HM❡❡ M♦❜✉KH♥❡KK ❛♥❞ ❝❧❛❞❡ M❡K♦✲
❧✉H✐♦♥ ✐♥ ❣❡♥❡M❛❧✳ ❘❡K✉❧HK ❛M❡ ❢♦❝✉K❡❞ ♦♥ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❤❡①❛♣♦❞K✱ ❡♥H♦❣♥❛H❤K ❛♥❞ ❡❝H♦❣♥❛H❤K ❛♥❞
♦♥ M❡❧❛H✐♦♥K❤✐♣K ❜❡H✇❡❡♥ ♣M✐♠❛M② ✇✐♥❣❧❡KK ♦M❞❡MK✳ ❋✉MH❤❡M✱ ❛ ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K ❛♥❞ H❤❡
♣♦K✐H✐♦♥ ♦❢ ♠②M✐❛♣♦❞K ✇✐H❤ M❡K♣❡❝H H♦ ▼❛♥❞✐❜✉❧❛H❛ ✈❡ON✉N ▼②M✐♦❝❤❡❧❛H❛ ♦M ❆H❡❧♦❝❡M❛H❛ ❛M❡ ❛❞❞M❡KK❡❞✳
❈♦♥K✐❞❡M✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡HK✱ ✐H ✐K ❢♦❝✉K❡❞ ♦♥ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ❍②♠❡♥♦♣H❡M❛✳
❆PL❤P♦♣♦❞ ❞❛L❛ N❡LN
❖P✐❣✐♥❛❧ ❞❛L❛ N❡L ❆^✶ ❛♥❞ ✐LN N❡❧❡❝L❡❞ ♦♣L✐♠❛❧ N✉❜N❡L ✭❙❖❙✮✳ ▼❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❛♥❞
❇❛②❡K✐❛♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K ♦❢ H❤❡ ❙❖❙ ♦❢ ❆:✶ M❡K♦❧✈❡ ❛MH❤M♦♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤ ♠❛♥② KHM♦♥❣❧②
K✉♣♣♦MH❡❞ ♥♦❞❡K✱ ❡K♣❡❝✐❛❧❧② ❢♦M ❍❡①❛♣♦❞❛ ❛♥❞ ✐♥H❡M♥❛❧ ❤❡①❛♣♦❞ ❝❧❛❞❡K✳ ■♥ ❝♦♥HM❛KH✱ H❤❡ HM❡❡ ❜❛K❡❞
♦♥ H❤❡ ♦M✐❣✐♥❛❧ K✉♣❡M♠❛HM✐① ✐K ✐♥ ♠❛♥② M❡K♣❡❝HK ✉♥M❡K♦❧✈❡❞ ♦M K❤♦✇K ❧♦✇ K✉♣♣♦MH ✈❛❧✉❡K ✭❋✐❣✳ ✷✳✶✾✮✳
▼♦M❡♦✈❡M✱ H❤✐K HM❡❡ ♣M♦✈✐❞❡K K♦♠❡ K✉K♣✐❝✐♦✉K M❡K✉❧HK✱ ❢♦M ❡①❛♠♣❧❡ ♣♦❧②♣❤②❧❡H✐❝ ❧❡♣✐❞♦♣H❡M❛♥K ♦M ♣♦❧②✲
♣❤②❧❡H✐❝ ♠✐❧❧✐♣❡❞❡K✳ ❚❤❡ ❝♦♠♣❛M✐K♦♥ ♦❢ ❜♦H❤ HM❡❡K✱ ✉♥M❡❞✉❝❡❞ ✈❡ON✉N ❙❖❙✱ K✉❣❣❡KHK H❤❛H H❤❡ KHM❛H❡❣②
♦❢ ▼❆❘❊ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ❤❛K ❜❡❡♥ K✉❝❝❡KK❢✉❧✳ ❚M❡❡ M❡K♦❧✉H✐♦♥ ✐K ✐♥❝M❡❛K❡❞❀ K✉❣❣❡KH❡❞ ❝❧❛❞❡K ✭❡✳❣✳
❍❡①❛♣♦❞❛✱ ❊❝H♦❣♥❛H❤❛✱ ❊♥❞♦♣H❡M②❣♦H❛✱ ❈♦❧❡♦♣H❡M❛✱ ▲❡♣✐❞♦♣H❡M❛ ❡H❝✳✮ ❛M❡ ✇✐❞❡❧② ❛❝❝❡♣H❡❞✳ ❙✉K♣✐✲
❝✐♦✉K ❝❧❛❞❡K✱ ❧✐❦❡ ♣♦❧②♣❤②❧❡H✐❝ ❧❡♣✐❞♦♣H❡M❛♥K ❞✐K❛♣♣❡❛M❡❞ ✭❋✐❣K✳ ✷✳✷✵✲✷✳✷✶✮✳
❖O✐❣✐♥❛❧ ❞❛M❛ N❡M ❆&✶✿ ▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❛♥❛❧②N❡N
❚❤❡ HM❡❡ ✐♥❢❡MM❡❞ ❢M♦♠ ❞❛H❛ K❡H ❆:✶ ✭♦M✐❣✐♥❛❧ K✉♣❡M♠❛HM✐①✮ K❤♦✇K K♦♠❡ ❝❧❛❞❡K ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✱
❢♦M ❡①❛♠♣❧❡ ❊✉❛MH❤M♦♣♦❞❛ ✰❖♥②❝❤♦♣❤♦M❛ ♦M ❊✉❝❤❡❧✐❝❡M❛H❛✳ ▼♦KH ❝❧❛❞❡K ♦❢ ❝♦♠♠♦♥❧② M❡❝♦❣♥✐③❡❞
❣M♦✉♣K✱ ❤♦✇❡✈❡M✱ ❛M❡ ♠♦❞❡M❛H❡❧② ✭♣❛♥❝M✉KH❛❝❡❛♥K✱ ❇❙ ✽✾✪✮ ♦M ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭❝❤❡❧✐❝❡M❛H❡K ♦M
❊♥❞♦♣H❡M②❣♦H❛✱ ❇❙ < ✽✵✪✮✳ ❚♦ K✐♥❣❧❡ ♦✉H K✉K♣✐❝✐♦✉K M❡K✉❧HK✱ H❤❡ ♠✐❧❧✐♣❡❞❡ ❏✉❧✐❞❛ ❛♥❞ H❤❡ ❜✉HH❡M✢②
❊✉❝❧✐❞✐❛ ❝❧✉KH❡M ✇✐H❤ H✇♦ ❛♣H❡M②❣♦H❡K✱ ❆❝❡O❡♥M♦♠♦♥ ✭M♦H✉M❛✮ ❛♥❞ ❈❛♠♣♦❞❡❛ ✭❉✐♣❧✉M❛✮✱ ✇✐H❤✐♥ ❛
♣♦❧②H♦♠② ✭❋✐❣✳ ✷✳✶✽✮✳ ▼❛♥② ✇❡❧❧ ❢♦✉♥❞❡❞ ❣M♦✉♣K ❛M❡ ♣❛M❛✲ ♦M ♣♦❧②♣❤②❧❡H✐❝ ✭❡✳❣✳ ♠②M✐❛♣♦❞K✱ ❤❡①❛♣♦❞K✱
❞✐❝♦♥❞②❧✐❛♥ ✐♥K❡❝HK✱ ❝♦❧❡♦♣H❡M❛♥K✱ HM✐❝❤♦♣H❡M❛♥K✱ ❧❡♣✐❞♦♣H❡M❛♥K✮ ❞✉❡ H♦ ♠✐K♣❧❛❝❡❞ K✐♥❣❧❡ M❡♣M❡K❡♥H❛H✐✈❡K✳
❊K♣❡❝✐❛❧❧②✱ ✇✐H❤✐♥ ❡♥❞♦♣H❡M②❣♦H❡ ❣M♦✉♣K✱ ❢♦M ❡①❛♠♣❧❡ ❝♦❧❡♦♣H❡M❛♥K ♦M ❧❡♣✐❞♦♣H❡M❛♥K✱ H❤❡M❡ ✐K ♥♦ M❡K♦✲
✹✹ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❋✐❣✉M❡ ✷✳✶✹✳✿ ❙❡❧❡❝>❡❞ ❞❛>❛ @✉❜@❡>@ ♦❢ ❊♥♦8 ❛♥❞ ❊♥♦8❉❛ ✇✐>❤ ✲ > ♦♣>✐♦♥✳ ▲❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A ❝♦❞❡ ❛A❡ @♣❡❝✐✜❡❞
✐♥ ❋✐❣✳ ✷✳✼✳ eA♦>❡♦♠❡ @♣❡❝✐❡@ ❛A❡ ❝❛♣✐>❛❧✐③❡❞✳ ❆ ❙❖❙ ♦❢ ❊♥♦8✳ ✷✾ >❛①❛ ❛♥❞ ✻✸ ❣❡♥❡@ ✇❡A❡ @❡❧❡❝>❡❞
✭>♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✻✼❀ ♠❛>A✐① @❛>✉A❛>✐♦♥ ♦❢ ✽✷✳✾✪✮✳ ❇ ❙❖❙ ♦❢ ❊♥♦8❉❛✳ ✷✾ >❛①❛
✭✐♥❝❧✳ ❉❛♣❤♥✐❛✮ ❛♥❞ ✶✶✷ ❣❡♥❡@ ✇❡A❡ @❡❧❡❝>❡❞ ✭>♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✻❀ ♠❛>A✐① @❛>✉A❛>✐♦♥✿
✼✽✪✮✳
✷✳✸✳ ❘❡K✉❧HK ✹✺
❋✐❣✉M❡ ✷✳✶✺✳✿ ❖A✐❣✐♥❛❧ ❞❛>❛ ♠❛>A✐① ♦❢ ❉✉♥♥ ❡> ❛❧✳ ✭✷✵✵✽✮✳ ▲❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A ❝♦❞❡ ❛A❡ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✷✳✼✳ ❚❤❡
❞❛>❛ @❡> ✐♥❝❧✉❞❡@ ✼✼ >❛①❛ ❛♥❞ ✶✺✵ ❣❡♥❡@✳ ❚♦>❛❧ ❛✈❡A❛❣❡ ✐♥❢♦A♠❛>✐♦♥ ❝♦♥>❡♥>✿ ✵✳✶✼✺✱ ♠❛>A✐① @❛>✉A❛>✐♦♥✿
✺✵✳✶✾✪✳
✹✻ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❋✐❣✉M❡ ✷✳✶✻✳✿ ◆❡✐❣❤❜♦A♥❡> ❣A❛♣❤@ ♦❢ >❤❡ ✉♥♠❛@❦❡❞ ❛♥❞ ♠❛@❦❡❞ ❙❖❙ ✭✶✶✼ >❛①❛✱ ✶✷✾ ❣❡♥❡@✮ ♦❢ ❆8✶✳ ◆❡✐❣❤❜♦A♥❡>
❣A❛♣❤@ ✇❡A❡ ❝❛❧❝✉❧❛>❡❞ ✇✐>❤ ✉♥❝♦AA❡❝>❡❞ ♣✲❞✐@>❛♥❝❡@ ✐♥ ❙♣❧✐>@❚A❡❡ ✹✳✽✳ ❛ ◆❡>✇♦A❦ ♦❢ >❤❡ ✉♥♠❛@❦❡❞
❙❖❙ ❛❧✐❣♥♠❡♥> ✭✽✶✱✼✶✸ ❝❤❛A❛❝>❡A@✮✳ ❜ ◆❡>✇♦A❦ ♦❢ >❤❡ ♠❛@❦❡❞ ❙❖❙ ❛❧✐❣♥♠❡♥> ✭✸✼✱✹✼✻ ❝❤❛A❛❝>❡A@✮
✇❤✐❝❤ ✇❛@ ❝❤♦@❡♥ ❢♦A ♣❤②❧♦❣❡♥❡>✐❝ A❡❝♦♥@>A✉❝>✐♦♥✳ ❈♦❧♦A ❝♦❞❡✿ ♠♦❧❧✉@❦@✱ ❛♥♥❡❧✐❞@ ❛♥❞ ♥❡♠❛>♦❞❡@✿ ❣A❛②❀
>❛A❞✐❣A❛❞❡@✱ ♦♥②❝❤♦♣❤♦A❛♥@✿ ❜❧❛❝❦❀ ♠②A✐❛♣♦❞@✿ ❜A♦✇♥❀ ❝❤❡❧✐❝❡A❛>❡@✿ ❣A❡❡♥❀ ❝A✉@>❛❝❡❛♥@✿ A❡❞❀ ❛♣>❡A②❣♦>❡




❋✐❣✉M❡ ✷✳✶✼✳✿ ❙❡❝>✐♦♥@ ♦❢ >❤❡ ✐♥♥❡A ♥❡✐❣❤❜♦A♥❡> ❣A❛♣❤@ ✐♥ ❋✐❣✳ ✷✳✶✻✳ ❛ ❙❡❝>✐♦♥ ♦❢ >❤❡ ✉♥♠❛@❦❡❞ ♥❡>✇♦A❦ ♣A✐♦A >♦
❛❧✐❣♥♠❡♥> ♠❛@❦✐♥❣✳ ❜ ❙❡❝>✐♦♥ ♦❢ >❤❡ ♠❛@❦❡❞ ♥❡>✇♦A❦ ❛❢>❡A ❛♣♣❧②✐♥❣ ❆❧✐@❝♦A❡ ❛♥❞ ❆▲■❈❚✳ ❊@♣❡❝✐❛❧❧②




































❋✐❣✉M❡ ✷✳✶✽✳✿ ❙❝❤❡♠❛>✐❝ ❝❧❛❞♦❣A❛♠ ✭▼▲✮ ✐♥❢❡AA❡❞ ❢A♦♠ ❆8✶ ✭✷✸✸ >❛①❛✱ ✼✼✺ ❣❡♥❡@✱ @❡❡ ❋✐❣✳ ✷✳✶✾✮✳ ❊♥>♦❣♥❛>❤❛ ❝❧✉@>❡A
✇✐>❤ ❏✉❧✐❞❛ ✭❉✐♣❧♦♣♦❞❛✮ ❛♥❞ ✇✐>❤ ❊✉❝❧✐❞✐❛ ✭▲❡♣✐❞♦♣>❡A❛✮ ✇✐>❤✐♥ ✐♥ ❛ ♣♦❧②>♦♠②♦✉@ ❝❧❛❞❡✳ ❈♦♥@❡B✉❡♥>❧②
❡♥>♦❣♥❛>❤@✱ ❤❡①❛♣♦❞@✱ ♠②A✐❛♣♦❞@✱ ❧❡♣✐❞♦♣>❡A❛♥@ ❛A❡ ♣♦❧②♣❤②❧❡>✐❝✳ ❈♦❧♦A ❝♦❞❡ ❛♥❞ ❧❛❜❡❧✐♥❣ ❛@ ✐♥ ❋✐❣✳
✷✳✶✾✳
❧✉H✐♦♥ ✭K❡❡ ❋✐❣✳ ✷✳✶✾✮✳ ■♥ ❝♦♥HM❛KH✱ H❤❡ ▼❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❛♥❞ H❤❡ ❇❛②❡K✐❛♥ ❙❖❙ HM❡❡ K❤♦✇ ❤✐❣❤
K✉♣♣♦MH ❢♦M ❡✉❛MH❤M♦♣♦❞ K♣❧✐HK ❛♥❞ ♠♦KH ♦M❞❡MK✳ ❊✉❝❤❡❧✐❝❡M❛H❡ ♦M❞❡MK✱ ■①♦❞✐❞❛ ✭H✐❝❦K✮ ❛♥❞ ❆KH✐❣♠❛H❛
✭♠✐H❡K✮✱ ❝M✉KH❛❝❡❛♥K ❣M♦✉♣K ❧✐❦❡ ❉❡❝❛♣♦❞❛ ♦M ❈♦♣❡♣♦❞❛✱ ❛♥❞ ♥❡❛M❧② ❛❧❧ ❤❡①❛♣♦❞ ♦M❞❡MK ✭❈♦❧❧❡♠❜♦❧❛✱
❍②♠❡♥♦♣H❡M❛✱ ❈♦❧❡♦♣H❡M❛✱ ❡H❝✳✮ K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ✭❋✐❣K✳ ✷✳✷✵✲✷✳✷✶✮✳





























































































































































































































































































































































❋✐❣✉M❡ ✷✳✶✾✳✿ ▼❛❥♦A✐>② A✉❧❡ ❝❧❛❞♦❣A❛♠ ✭▼▲✮ ✐♥❢❡AA❡❞ ❢A♦♠ >❤❡ ♠❛@❦❡❞ ❞❛>❛ @❡> ❆8✶ ✭✷✸✸ >❛①❛✱ ✼✼✺ ❣❡♥❡@✮✳ ▼▲
>A❡❡ @❡❛A❝❤ ❛♥❞ ❜♦♦>@>A❛♣♣✐♥❣ ✇❡A❡ ❝♦♥❞✉❝>❡❞ ✇✐>❤ ❘❆①▼▲ ✭@❡❡ ✷✳✷✳✼✮✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❛A❡ ❞❡A✐✈❡❞
❢A♦♠ ✶✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✳ ❙✉♣♣♦A> ✈❛❧✉❡@ < ✼✵✿ ♥♦> ❞✐@♣❧❛②❡❞✱ @✉♣♣♦A> ✈❛❧✉❡@ ❂ ✶✵✵✿ A❡♣A❡@❡♥>❡❞
❜② ❛ ❞♦> ♦♥❧②✳ ◗✉♦>❛>✐♦♥ ♠❛A❦@ ✐♥❞✐❝❛>❡ ♣❛A❛✲ ♦A ♣♦❧②♣❤②❧❡>✐❝ ❝❧❛❞❡@✳ ❈♦❧♦A ❝♦❞❡✿ ♠♦❧❧✉@❦@✱ ❛♥♥❡❧✐❞@
❛♥❞ ♥❡♠❛>♦❞❡@✿ ❧✐❣❤>❡A ❣A❛②❀ >❛A❞✐❣A❛❞❡@✱ ♦♥②❝❤♦♣❤♦A❛♥@✿ ❜❧❛❝❦❀ ♠②A✐❛♣♦❞@✿ ❜A♦✇♥❀ ❝❤❡❧✐❝❡A❛>❡@✿ ❣A❡❡♥❀
❝A✉@>❛❝❡❛♥@✿ A❡❞❀ ❜❛@❛❧ ❤❡①❛♣♦❞@✿ ❜❧✉❡❀ ♣>❡A②❣♦>❡ ✐♥@❡❝>@✿ ❞❛A❦ ❜❧✉❡❀ ∗ ✐♥❞✐❝❛>❡ ❊❙❚ >❛①❛ ❝♦♥>A✐❜✉>❡❞
❜② ♠❡♠❜❡A@ ♦❢ >❤❡ ✬❆A>❤A♦♣♦❞ ❉▼e ◆❡>✇♦A❦✬❀ ♦✇♥ ❊❙❚✲>❛①❛ ❛A❡ ❜♦❧❞ ♣A✐♥>❡❞✳
✷✳✸✳ ❘❡K✉❧HK ✹✾
❙❡❧❡❝M❡❞ ♦♣M✐♠❛❧ N✉❜N❡M ✭❙❖❙✮ ♦❢ ❆&✶✿ ▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❛♥❞ ❇❛②❡N✐❛♥ ❛♥❛❧②N❡N
■♥ ❝♦♥HM❛KH H♦ ❞❛H❛ K❡H ❆:✶✱ HM❡❡K ✐♥❢❡MM❡❞ ❢M♦♠ H❤❡ ❙❖❙ K❤♦✇ ✐♥❝M❡❛K❡❞ HM❡❡ M♦❜✉KH♥❡KK ✇✐H❤
❤✐❣❤ K✉♣♣♦MH ❢♦M ♠♦KH ❡✉❛MH❤M♦♣♦❞ K♣❧✐HK ✭❋✐❣K✳ ✷✳✷✵✲✷✳✷✶✮✳ ❚❛M❞✐❣M❛❞❡K ✭❍②♣N✐❜✐✉N ❛♥❞ ❘✐❝❤M❡O✲
N✐✉N✮ ❡♠❡M❣❡ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ♥❡♠❛H♦❞❡K ✭❇❙ ✶✵✵✪✱ ♣ ✶✳✵✮ ✐♥ ❜♦H❤✱ ▼▲ ❛♥❞ ❇❛②❡K✐❛♥✱ M❡❝♦♥✲
KHM✉❝H✐♦♥K✳ ■♥ ❜♦H❤ HM❡❡K✱ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♦♥②❝❤♦♣❤♦M❛♥K ✐K M❡K♦❧✈❡❞ ✇✐H❤ KHM♦♥❣ K✉♣♣♦MH ❢♦M ❛ ❝❧❛❞❡
✭❖♥②❝❤♦♣❤♦M❛✱❊✉❛MH❤M♦♣♦❞❛✮✳ ▼♦♥♦♣❤②❧② ♦❢ ❡✉❛MH❤M♦♣♦❞K ✐K KHM♦♥❣❧② K✉♣♣♦MH❡❞ ✐♥ ❜♦H❤ HM❡❡K ✭❚❛❜✳
✷✳✻✮✱ ❜✉H M❡❧❛H✐♦♥K❤✐♣K ❜❡H✇❡❡♥ ♠②M✐❛♣♦❞K✱ K❡❛ K♣✐❞❡MK✱ ❝❤❡❧✐❝❡M❛H❡K✱ ❝M✉KH❛❝❡❛♥K ❛♥❞ ❤❡①❛♣♦❞K M❡♠❛✐♥
✉♥M❡K♦❧✈❡❞M✳ ❤✐❧❡ H❤❡ ♣♦K✐H✐♦♥ ♦❢ K❡❛ K♣✐❞❡MK ✐K ♥♦H M❡K♦❧✈❡❞ ✐♥ H❤❡ ▼▲ HM❡❡ ✭❋✐❣✳ ✷✳✷✵✮✱ H❤❡ ❇❛②❡K✐❛♥
HM❡❡ ✭❋✐❣✳ ✷✳✷✶✮ K❤♦✇K ♠♦♥♦♣❤②❧❡H✐❝ ❝❤❡❧✐❝❡M❛H❡K ✐♥❝❧✉❞✐♥❣ K❡❛ K♣✐❞❡MK ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ✭♣ ✵✳✾✾✮✳
②❝❣♥♦❣♦♥✐❞K ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❊✉❝❤❡❧✐❝❡M❛H❛✳✐H❤✐♥ ♠❛♥❞✐❜✉❧❛H❡K✱ H✇♦ ❛❧H❡M♥❛H✐✈❡ ❝❧❛❞❡K✱ ❡✐H❤❡M
❆H❡❧♦❝❡M❛H❛ ✭❂ ❚M❛❝❤❡❛H❛✮ ♦M ❛♥❝M✉KH❛❝❡❛ ✭❂ ❚❡HM❛❝♦♥❛H❛✮ ❤❛✈❡ ❜❡❡♥ K✉❣❣❡KH❡❞✳ ■♥ H❤❡ ♣M❡K❡♥H
❛♥❛❧②K❡K✱ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♠②M✐❛♣♦❞K ✐K ♥♦H M❡K♦❧✈❡❞✳ ■♥ H❤❡ ❇❛②❡K✐❛♥ HM❡❡✱ ♠②M✐❛♣♦❞K ❛M❡ ❛ K✐KH❡M ❣M♦✉♣
H♦ ❝❤❡❧✐❝❡M❛H❡K ✭✐♥❝❧✉❞✐♥❣ K❡❛ K♣✐❞❡MK✮ ✇✐H❤ ❧♦✇ K✉♣♣♦MH ✭< ♣ ✵✳✼✮✳ ■♥ H❤❡ ▼▲ HM❡❡✱ M❡❧❛H✐♦♥K❤✐♣K
❜❡H✇❡❡♥ ♠②M✐❛♣♦❞K✱ K❡❛ K♣✐❞❡MK✱ ❡✉❝❤❡❧✐❝❡M❛H❡K ❛♥❞ ♣❛♥❝M✉KH❛❝❡❛♥K ❛M❡ ♥♦H M❡K♦❧✈❡❞✳
❇♦H❤ ❙❖❙ HM❡❡K K✉❣❣❡KH ❛ ❝❧❛❞❡ ❛♥❝M✉KH❛❝❡❛ ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH ✇❤✐❧❡ ❝M✉KH❛❝❡❛♥K ❛M❡ ♣❛M❛✲
♣❤②❧❡H✐❝✳ ✐H❤✐♥ ❝M✉KH❛❝❡❛♥K✱ M❡❧❛H✐♦♥K❤✐♣K ❛M❡ KH✐❧❧ ❢❛M ❢M♦♠ ❜❡✐♥❣ M❡K♦❧✈❡❞✳ ■♥ ❜♦H❤ HM❡❡K✱ ❇M❛♥❝❤✐♦♣♦❞❛
❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❍❡①❛♣♦❞❛✱ ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH ✐♥ H❤❡ ❇❛②❡K✐❛♥ HM❡❡ ❛♥❞ ✇✐H❤ ♠♦❞❡M❛H❡ K✉♣♣♦MH
✭❇❙ ✾✷✪✮ ✐♥ H❤❡ ▼▲ HM❡❡ ✭❚❛❜✳ ✷✳✻✮✳ ❚❤✐K ❝❧❛❞❡ ❝♦♥HM❛❞✐❝HK M❡K✉❧HK ♦❢ M❘◆❆ ❜❛K❡❞ KH✉❞✐❡K ▼❛❧❧❛HH
❛♥❞ ●✐M✐❜❡H ✭✷✵✵✻✮❀ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳ ✭✷✵✵✾✮ ✇❤❡M❡ ❝♦♣❡♣♦❞K ❤❛✈❡ ❜❡❡♥ ✐♥❢❡MM❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣
H♦ ❍❡①❛♣♦❞❛✱ ❛❧❜❡✐H ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭❝❤❛♣H❡M ✸✮✳
❚❤❡ ▼▲ ❛♥❞ H❤❡ ❇❛②❡K✐❛♥ HM❡❡ KHM♦♥❣❧② K✉♣♣♦MH ❍❡①❛♣♦❞❛✳ ▼♦♥♦♣❤②❧② ♦❢ ❊♥H♦❣♥❛H❤❛ ✭M♦H✉M❛✱
❉✐♣❧✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛✮ ✐K ❣❡♥❡M❛❧❧② ❛♠❜✐❣✉♦✉K ✭K❡❡ M❡✈✐❡✇ ♦❢ ●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ■♥ ♣M❡K❡♥H ❛♥❛❧②K❡K✱
♠♦♥♦♣❤②❧② ♦❢ ❊♥H♦❣♥❛H❤❛ M❡♠❛✐♥K ✉♥❝❡MH❛✐♥✿ ✐♥ H❤❡ ▼▲ ❛♥❞ ❇❛②❡K✐❛♥ HM❡❡✱ ❊♥H♦❣♥❛H❤❛ ❛M❡ M❡❝♦✈❡M❡❞✱
❜✉H ❛❧❜❡✐H ♠♦❞❡M❛H❡ ♦M ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭❚❛❜✳ ✷✳✻✮✳ ✐H❤✐♥ ❊♥H♦❣♥❛H❤❛✱ H❤❡M❡ ✐K KHM♦♥❣ K✉♣♣♦MH
✐♥ ❜♦H❤ HM❡❡K ❢♦M ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ M♦H✉M❛ ❛♥❞ ❉✐♣❧✉M❛ ✭◆♦♥♦❝✉❧❛H❛✱ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺✮✳
▼♦♥♦♣❤②❧② ♦❢ ❡❝H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞K ✭❆M❝❤❛❡♦❣♥❛H❤❛✱ ②❣❡♥H♦♠❛ ✰ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✱ K❡❡ ❍❡♥♥✐❣
✭✶✾✽✶✮ ❛♥❞ ❑M✐KH❡♥K❡♥ ✭✶✾✾✶✮✮ ✏❤❛K ❧✐❦❡✇✐K❡ ♥❡✈❡M ❜❡❡♥ K❡M✐♦✉K❧② ❝❤❛❧❧❡♥❣❡❞✑ ✭●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ■♥
H❤❡ ♣M❡K❡♥H ❛♥❛❧②K❡K✱ ❊❝H♦❣♥❛H❤❛ ✭❆M❝❤❛❡♦❣♥❛H❤❛ ✰ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✮ ❛M❡ ❝♦MM♦❜♦M❛H❡❞ ✇✐H❤ ♠❛①✐♠❛❧
K✉♣♣♦MH ✐♥ ❜♦H❤ HM❡❡K ✭❋✐❣K✳ ✷✳✷✵✲✷✳✷✶✮✳ ❡ K❤♦✉❧❞ ❜❡ ❛✇❛M❡✱ ❤♦✇❡✈❡M✱ H❤❛H K✉✣❝✐❡♥H ❊❙❚ ❞❛H❛ ♦❢
②❣❡♥H♦♠❛ ❛M❡ ❝✉MM❡♥H❧② ♠✐KK✐♥❣✳
❆❞❞M❡KK✐♥❣ M❡❧❛H✐♦♥K❤✐♣K ♦❢ ❡❛M❧② ✇✐♥❣❡❞ ✐♥K❡❝HK✱ H❤M❡❡ ♣♦KK✐❜❧❡ K❝❡♥❛M✐♦K ❤❛✈❡ ❜❡❡♥ K✉❣❣❡KH❡❞ ❢M♦♠
♠♦M♣❤♦❧♦❣✐❝❛❧ ♦M ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✿ ❛❧❡♦♣H❡M❛ ✭✭❖❞♦♥❛H❛✱❊♣❤❡♠❡M♦♣H❡M❛✮✱◆❡♦♣H❡M❛✮✱ K❡❡ ❍❡♥♥✐❣
✭✶✾✽✶✮ ❛♥❞ ❑✉❦❛❧♦✈}✲❡❝❦ ✭✶✾✽✸✮✱ ❈❤✐❛KH♦♠②❛M✐❛ ✭❖❞♦♥❛H❛ ✭❊♣❤❡♠❡M♦♣H❡M❛ ✰ ◆❡♦♣H❡M❛✮✮ ✭❇♦✉❞M❡❛✉①✱
✶✾✼✾❀ ❑❥❡M✱ ✷✵✵✹✮ ♦M ▼❡H❛♣H❡M②❣♦H❛ ✭❊♣❤❡♠❡M♦♣H❡M❛ ✭❖❞♦♥❛H❛✱ ◆❡♦♣H❡M❛✮✮✱ K❡❡ ❇!M♥❡M ✭✶✾✵✾✮ ❛♥❞
❤❛♥❣ ❡H ❛❧✳ ✭✷✵✵✽✮✳ ▼♦KH ♠♦❧❡❝✉❧❛M ❛♥❛❧②K❡K K✉♣♣♦MH ❡✐H❤❡M ❛ ❈❤✐❛KH♦♠②❛M✐❛ ♦M ❛ ❛❧❡♦♣H❡M❛ ❝❧❛❞❡✳
❚❤❡ ♣M❡K❡♥H ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ ❛M❡ ✐♥❝♦♥❝❧✉K✐✈❡ ✐♥ ▼▲ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✳ ❛❧❡♦♣H❡M❛✱ ❤♦✇❡✈❡M✱ ❛M❡
KHM♦♥❣❧② K✉♣♣♦MH❡❞ ✐♥ H❤❡ ❇❛②❡K✐❛♥ HM❡❡✳ ❚❤✐K M❡K✉❧H ❝♦♥HM❛KHK ❢♦M ❡①❛♠♣❧❡ ✇✐H❤ H❤❡ KH✉❞② ♦❢ ❙✐♠♦♥
❡H ❛❧✳ ✭✷✵✵✾✮✳ ❚❤❡✐M ❛♥❛❧②K❡K K✉♣♣♦MH ❈❤✐❛KH♦♠②❛M✐❛✱ ❜✉H H❤✐K ❞❛H❛ K❡H ❤❛K ❛ ♠✉❝❤ K♠❛❧❧❡M H❛①♦♥ K❛♠✲
♣❧✐♥❣ ♦♥ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ✐H❤✐♥ ◆❡♦♣H❡M❛✱ ❜♦H❤ ❙❖❙ HM❡❡K K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ❢♦M H❤❡ ♠♦♥♦♣❤②❧②
♦❢ ❛❧❧ ❡♥❞♦♣H❡M②❣♦H❡ ♦M❞❡MK✳ ❍②♠❡♥♦♣H❡M❛♥K ❛M❡ ✉♥❛♠❜✐❣✉♦✉K❧② M❡K♦❧✈❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛❧❧ ♦H❤❡M
❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❋✐❣K✳ ✷✳✷✵✱ ✷✳✷✶✮✳





































































































































































































❋✐❣✉M❡ ✷✳✷✵✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✮ ✐♥❢❡AA❡❞ ❢A♦♠ >❤❡ ✶✶✼✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@ ❜❛@❡❞ ♦♥ >❤❡ ❙❖❙ ♦❢ ❆8✶✳ ❙✉♣♣♦A>
✈❛❧✉❡@ ✇❡A❡ ❞❡A✐✈❡❞ ❢A♦♠ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✳ ❙✉♣♣♦A> ✈❛❧✉❡@✱ ❝♦❧♦A ❝♦❞❡ ❛♥❞ ❧❛❜❡❧✐♥❣ ❛A❡ @♣❡❝✐✜❡❞
✐♥ ❋✐❣✳ ✷✳✶✾✳ ✬♥@>❛❜❧❡✬ >❛①❛ ✭❧❡❛❢ @>❛❜✐❧✐>② ✐♥❞❡① < ✵✳✾✺✱ @❡❡ ✷✳✷✳✼✮ ❛A❡ ♠❛A❦❡❞ ❜② ❛ @>❛A ✐♥ ❢A♦♥> ♦❢ >❤❡
>❛①♦♥ ♥❛♠❡✳
✷✳✸✳ ❘❡K✉❧HK ✺✶
❋✐❣✉M❡ ✷✳✷✶✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡ ❝♦♥@❡♥@✉@✮ ✐♥❢❡AA❡❞ ❢A♦♠ >❤❡ ✶✶✼✲>❛①♦♥ ❇❛②❡@✐❛♥ ❛♥❛❧②@✐@ ❜❛@❡❞ ♦♥ >❤❡ ❙❖❙
♦❢ ❆8✶✳ ❚❤❡ ♠A❝ >A❡❡ ✇❛@ ✐♥❢❡AA❡❞ ❢A♦♠ ❛ ✬>A✐♣❧❡✬ ❝❤❛✐♥ ✭✸ ♦✉> ♦❢ ✷✺ ❝❤❛✐♥@✮ ✇✐>❤ >❤❡ ❧♦✇❡@> ♠❛①❞✐✛
✈❛❧✉❡ ✭✵✳✶✽✻✮✳ ❈♦♥❝✉AA❡♥>❧②✱ >❤❡@❡ ❝❤❛✐♥@ @❤♦✇❡❞ ❜❡@> ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ✈❛❧✉❡@ ✭❤❛A♠♦♥✐❝ ♠❡❛♥@✱ ❜✉A♥✲✐♥
❡①❝❧✉❞❡❞✮ ♦❢ ❛❧❧ ♣♦@@✐❜❧❡ ✬>A✐♣❧❡✬ ❝❤❛✐♥@✳ ❋♦A ❡❛❝❤ ❝❤❛✐♥✱ ✷✵✱✵✵✵ ❝②❝❧❡@ ✇❡A❡ @❛♠♣❧❡❞✱ >❤❡ ❜✉A♥✲✐♥ ✇❛@
❡①❝❧✉❞❡❞ ✭✺✱✵✵✵ ❝②❝❧❡@✮✳ e♦@>❡A✐♦A ♣A♦❜❛❜✐❧✐>✐❡@ ✭♣e✮ ✇❡A❡ ❡@>✐♠❛>❡❞ ✉♥❞❡A >❤❡ ❈❆❚ ♠✐①>✉A❡ ♠♦❞❡❧ ✭@❡❡
✷✳✷✳✼✳ ❛❧✉❡@ < ✵✳✼✿ ♥♦> @❤♦✇♥✱ ✈❛❧✉❡@ ❂ ✶✳✵✿ A❡♣A❡@❡♥>❡❞ ❜② ❛ ❞♦>✳ ❈♦❧♦A ❝♦❞❡ ❛♥❞ ❧❛❜❡❧✐♥❣ ❛A❡ @✐♠✐❧❛A
>♦ ❋✐❣✳ ✷✳✶✾✳
✺✷ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
❚❛❜❧❡ ✷✳✻✳✿ ❙✉♣♣♦B? ♦❢ A❡❧❡❝?❡❞ ❝❧❛❞❡A ♦❢ ▼▲ ❛♥❞ ❇❛②❡A✐❛♥ ❙❖❙ ?B❡❡✳ ❇♦♦?A?B❛♣ A✉♣♣♦B? ✭❇❙ ✐♥ ✪✮
❞❡B✐✈❡❞ ❢B♦♠ ✶✱✵✵✵ ❜♦♦?A?B❛♣ B❡♣❧✐❝❛?❡A❀ ♣♦A?❡B✐♦B ♣B♦❜❛❜✐❧✐?✐❡A ✭♣e✮ ❞❡B✐✈❡❞ ❢B♦♠ ❛ A❡❧❡❝?❡❞
?B✐♣❧❡ ❝❤❛✐♥ ♦❢ ❇❛②❡A✐❛♥ ❛♥❛❧②A❡A ✭✷✵✱✵✵✵ ❝②❝❧❡A ✴ ❝❤❛✐♥✱ ❜✉B♥✲✐♥ ❡①❝❧✉❞❡❞✮✳



















◆♦♥♦❝✉❧❛?❛✿ ✭eB♦?✉B❛✱❉✐♣❧✉B❛✮ ✶✵✵ ✶
❊❝?♦❣♥❛?❤❛✿ ✭❆B❝❤❛❡♦❣♥❛?❤❛✱e?❡B②❣♦?❛✮ ✶✵✵ ✶
e?❡B②❣♦?❛ ✽✷ ✶
❈❤✐❛A?♦♠②❛B✐❛✿ ✭❖❞♦♥❛?❛✱✭❊♣❤❡♠❡B♦♣?❡B❛✱◆❡♦♣?❡B❛✮✮ ✲ ✲




✭❍②♠❡♥♦♣?❡B❛✱B❡♠❛✐♥✐♥❣ ❡♥❞♦♣?❡B②❣♦?❡ ❝❧❛❞❡A✮ ✶✵✵ ✶
✭❈♦❧❡♦♣?❡B❛✱✭▲❡♣✐❞♦♣?❡B❛✱❉✐♣?❡B❛✮✮ ✶✵✵ ✶
✭▲❡♣✐❞♦♣?❡B❛✱❉✐♣?❡B❛✮ ✶✵✵ ✶
❇❛②❡N✐❛♥ ❝♦♥N❡♥N✉N MO❡❡ ❛♥❞ ✐♥❝♦♥❣O✉❡♥❝✐❡N ❛♠♦♥❣ ❇❛②❡N✐❛♥ ❛♥❛❧②N❡N
❉✐K❝M❡♣❛♥❝② ❛❝M♦KK ❛❧❧ ❜✐♣❛MH✐H✐♦♥K ✭♠❛①❞✐✛ ✮ ✇❛K ❝❤❡❝❦❡❞ ❜② ♣❛✐M✇✐K❡ ❝♦♠♣❛M✐K♦♥ ❛♥❞ ❝♦♠♣❛M✐♥❣ HM✐♣❧❡
❝❤❛✐♥K ✇✐H❤ ❜♣❝♦♠♣✱ ✐♠♣❧❡♠❡♥H❡❞ ✐♥ ❤②❧♦❇❛②❡K ✭▲❛MH✐❧❧♦H ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❚M✐♣❧❡ ❝❤❛✐♥ ❝✵✹ ✕ ❝✶✽ ✕ ❝✷✵
✭♠❛①❞✐✛ ✈❛❧✉❡ ❂ ✵✳✶✽✻✮ ✇❛K K❡❧❡❝H❡❞ H♦ ✐♥❢❡M ❛ ♠❛❥♦M✐H② M✉❧❡ ❝♦♥K❡♥K✉K ✭♠M❝✮ HM❡❡✳ ❚❤❡K❡ H❤M❡❡
❝❤❛✐♥K K❤♦✇ H❤❡ ❜❡KH ❧♦❣ ❧✐❦❡❧✐❤♦♦❞K ✭❤❛M♠♦♥✐❝ ♠❡❛♥K✮ ♦❢ ❛❧❧ ❝❤❛✐♥K ✉K❡❞ ❢♦M HM✐♣❧❡ ❝❤❛✐♥K ✭❚❛❜✳ ✷✳✼✮✳
❚❤❡ ✷✺ ❇❛②❡K✐❛♥ M✉♥K ❞✐❞ ♥♦H ❝♦♥✈❡M❣❡ ♦♥ ❛ K✐♥❣❧❡ H♦♣♦❧♦❣② ✭❚❛❜✳ ✷✳✽✮✳ ■♥❝♦♥❣M✉❡♥H ❝♦♥K❡♥K✉K
HM❡❡K ♠✐❣❤H M❡✢❡❝H ❞✐✛❡M❡♥H ❧♦❝❛❧ ♦♣H✐♠❛ ♦❢ K✐♥❣❧❡ ❝❤❛✐♥K✳ ❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❛♠♦♥❣ K✐♥❣❧❡ M✉♥K
❝❛♥♥♦H ❜❡ ❞✐K♣❧❛②❡❞ ✐♥ ❛ ❝♦♥K❡♥K✉K HM❡❡ ✭K❡❡ ❋✐❣✳ ✷✳✷✶✮✳ ■♥KH❡❛❞✱ ❛ ❝♦♥K❡♥K✉K ♥❡H✇♦M❦ ✭❍♦❧❧❛♥❞ ❛♥❞
▼♦✉❧H♦♥✱ ✷✵✵✸✱ K❡❡ ❋✐❣✳ ✷✳✷✷✮ ✐K ❛♣♣M♦♣M✐❛H❡ H♦ ✈✐K✉❛❧✐③❡ ✐♥❝♦♥❣M✉❡♥❝✐❡K✳ ❙♦♠❡ ❝❧❛❞❡K✱ ❡✳❣✳ ✭❖♥②✲
❝❤♦♣❤♦M❛✱❊✉❛MH❤M♦♣♦❞❛✮✱ ❛♥❝M✉KH❛❝❡❛✱ ❇M❛♥❝❤✐♦♣♦❞❛ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❍❡①❛♣♦❞❛ ❛♥❞ ◆♦♥♦❝✉❧❛H❛
❛M❡ M♦❜✉KH❧② M❡K♦❧✈❡❞ ✐♥ ❛❧❧ HM❡❡K ✐♥❢❡MM❡❞ ❢M♦♠ K✐♥❣❧❡ ❝❤❛✐♥K ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH✳ ■♥❝♦♥❣M✉❡♥❝✐❡K
❛❞❞M❡KK✐♥❣ ♦H❤❡M ❝❧❛❞❡K ❛M❡ ❝❛✉K❡❞ ❜② ✉♥KH❛❜❧❡ ♣♦K✐H✐♦♥K ♦❢ ❢❡✇ H❛①❛ ❜❡H✇❡❡♥ K✐♥❣❧❡ ❝♦♥K❡♥K✉K HM❡❡K
✭❋✐❣✳ ✷✳✷✶✮✿ ✭✶✮ ▼❛♥❞✐❜✉❧❛H❛ ✭▼②M✐❛♣♦❞❛✱❛♥❝M✉KH❛❝❡❛✮ ❛M❡ ♠❛①✐♠❛❧❧② K✉♣♣♦MH❡❞ ✐♥ ❝♦♥K❡♥K✉K HM❡❡K
♦❢ H✇♦ ❝❤❛✐♥K ✭❝✵✾✱ ❝✶✺✮✳ ❇♦H❤ ❝❤❛✐♥K K❤♦✇ ❝♦♠♣❛M❛H✐✈❡❧② ❧♦✇ ❤❛M♠♦♥✐❝ ♠❡❛♥K ♦❢ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞K
✷✳✸✳ ❘❡K✉❧HK ✺✸
✭❚❛❜✳ ✷✳✽✮✳ ■♥ ❜♦H❤ ❝❤❛✐♥K✱ ❛ ❝❧❛❞❡ ✭▼❛♥❞✐❜✉❧❛H❛✱❈❤❡❧✐❝❡M❛H❛✮ ✐K ♥❡❣❧✐❣✐❜❧② K✉♣♣♦MH❡❞ ✭♣ ✵✳✺✷ ❛♥❞
✵✳✺✺✮✳ ■♥ M❡♠❛✐♥✐♥❣ ❝❤❛✐♥K✱ ♠②M✐❛♣♦❞K ❝❧✉KH❡M ✇✐H❤ ❝❤❡❧✐❝❡M❛H❡K ✇✐H❤ ♥❡❣❧✐❣✐❜❧❡ ♦M ♠♦❞❡M❛H❡ K✉♣♣♦MH
✭♣ ✵✳✺✷✕✵✳✽✾✮✳ ✭✷✮ ❚❤❡ ❜❛M♥❛❝❧❡ ^♦❧❧✐❝✐♣❡N ✭❈✐MM✐♣❡❞✐❛✮ ✐K K✉❣❣❡KH❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ❝♦♣❡♣♦❞K
✐♥ ♦♥❡ ❝❤❛✐♥✱ ❛❧❜❡✐H ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭♣ ✵✳✺✶✮✳ ❆♥ ❛❧H❡M♥❛H✐✈❡ ❝❧❛❞❡ ✭♦❧❧✐❝✐♣❡K✱▼❛❧❛❝♦KHM❛❝❛✮ ❣❡HK
✈❛M✐♦✉K K✉♣♣♦MH ✭✵✳✺✻✕✵✳✾✻ ♣✱ ❚❛❜✳ ✷✳✽✮✳ ✭✸✮ ✐♥ K♦♠❡ K✐♥❣❧❡ ❝❤❛✐♥ HM❡❡K✱ H❤❡ ❜M✐KH❧❡H❛✐❧ ▲❡♣✐N♠❛❝❤✐❧✐N
✭❆M❝❤❛❡♦❣♥❛H❤❛✮ ✐K K✉❣❣❡KH❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ❛ ❝❧❛❞❡ ❥♦✐♥✐♥❣ ✐K♦♣H❡M❛♥K ❛♥❞ ❜❧❛HH❛M✐❛♥ ✐♥K❡❝HK
✇✐H❤ ♠♦❞❡M❛H❡ ♦M ❧♦✇ K✉♣♣♦MH ✭♣ ✵✳✺✷✕✵✳✽✷✱ ❚❛❜✳ ✷✳✽✮✳ ^❡❞✐❝✉❧✉N ✭❤H❤✐M❛♣H❡M❛✮ ❡♠❡M❣❡ ❛K ❛ K✐KH❡M
❣M♦✉♣ H♦ H❤✐K ❝❧❛❞❡ ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH ✐♥ HM❡❡K ❢M♦♠ M❡K♣❡❝H✐✈❡ ❝❤❛✐♥K✳ ▲♦❣✲❧✐❦❡❧✐❤♦♦❞K ✭❤❛M♠♦♥✐❝
♠❡❛♥K✮ ♦❢ H❤❡K❡ ❝❤❛✐♥K ❛M❡ M❡♠❛M❦❛❜❧② ❧♦✇❡M H❤❛♥ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞K ♦❢ ❝❤❛✐♥K ✉K❡❞ ❢♦M H❤❡ ♠M❝ HM❡❡ ✭K❡❡
❋✐❣✳ ✷✳✷✶ ❛♥❞ ❚❛❜✳ ✷✳✼✮✳ ❚❤❡K❡ ❝❤❛✐♥K ❤❛✈❡ ❜❡❡♥ M❡❥❡❝H❡❞ ✐♥ ❛ ❇❛②❡K ❢❛❝H♦M H❡KH ✭❑❛❛K ❛♥❞ ❘❛❢H❡M②✱
✶✾✾✺❀ ◆②❧❛♥❞❡M ❡H ❛❧✳✱ ✷✵✵✹✮✳ ✭✹✮ ❆♠♦♥❣ ❜✉HH❡M✢✐❡K ✭▲❡♣✐❞♦♣H❡M❛✮✱ ✜✈❡ ❞✐✛❡M❡♥H H♦♣♦❧♦❣✐❡K ✇✐H❤ ❞✐K✲
H✐♥❝H✐✈❡ ❝❧❛❞❡K ❛M❡ K✉❣❣❡KH❡❞✳ ❉✐✛❡M❡♥❝❡K ♦❝❝✉M ❛♠♦♥❣ ♣♦♥♦♠❡✉H♦✐❞❡❛✱ ❛♣✐❧✐♦♥♦✐❞❡❛✱ ②M❛❧♦✐❞❡❛✱
❚♦MHM✐❝♦✐❞❡❛ ❛♥❞ ◆♦❝H✉✐❞❡❛✳
▲❡❛❢ NM❛❜✐❧✐M② ✐♥❞✐❝❡N ❢♦O ▼▲ ❛♥❛❧②N✐N
❈❛❧❝✉❧❛H✐♦♥ ♦❢ ❧❡❛❢ KH❛❜✐❧✐H② ✐♥❞✐❝❡K ✭▲❙■K✮ ✇❛K ❝♦♥❞✉❝H❡❞ ❢♦M H❤❡ ▼▲ ❛♥❛❧②K✐K ♦❢ H❤❡ ❆:✶✲❙❖❙ ✉K✐♥❣
❛❧❧ ❜♦♦HKHM❛♣ HM❡❡K ✭K❡❡ ✷✳✷✳✼✮✳ ❛❧✉❡K ✐♥❞✐❝❛H❡ H❤❡ ❢M❡Q✉❡♥❝② ❛ H❛①♦♥ ♦❝❝✉MK ✐♥ H❤❡ K❛♠❡ ♣♦K✐H✐♦♥
❛♠♦♥❣ ✐♥✈❡KH✐❣❛H❡❞ HM❡❡K✳ ❆ ✈❛❧✉❡ ♦❢ ✶ ♠❡❛♥K H❤❛H ❛ H❛①♦♥ ❤❛K ❛ ✉♥✐Q✉❡ ♣♦K✐H✐♦♥ ❛♠♦♥❣ ✐♥✈❡KH✐❣❛H❡❞
HM❡❡K✳ ❚❤❡ H❤M❡K❤♦❧❞ ❢♦M ✐♥KH❛❜✐❧✐H② ♦❢ ❛ H❛①♦♥ ✐K ❛M❜✐HM❛M✐❧② ❞❡✜♥❡❞✿ ❤❡M❡✱ H❛①❛ ✇✐H❤ ❛♥ ▲❙■ < ✵✳✾✺ ❤❛✈❡
❜❡❡♥ ❞❡✜♥❡❞ ❛K ✬✉♥KH❛❜❧❡✬✳ ❋✐✈❡ H❛①❛ ♦❢ H❤❡ ❆:✶✲❙❖❙ ❛M❡ ✉♥KH❛❜❧❡✿ ♣②❝♥♦❣♦♥✐❞K ✭❆♥♦♣❧♦❞❛❝M②❧✉N
❛♥❞ ❊♥❞❡✐N✮✱ ♠②M✐❛♣♦❞K ✭❆O❝❤✐N♣✐O♦NMO❡♣M✉N ❛♥❞ ❙❝✉M✐❣❡O❛✮ ❛♥❞ H❤❡ ♠❛②✢② ❇❛❡M✐N ✭❚❛❜✳ ✷✳✾✮✳ ▲❙■K ♦❢
♦MH❤♦♣H❡M❛♥K✱ ✐K♦♣H❡M❛♥K✱ ❜❧❛HH❛M✐❛♥ ✐♥K❡❝HK✱ H❤❡ ❧♦✉K❡ ^❡❞✐❝✉❧✉N ❛♥❞ H❤❡ ❜M✐KH❧❡H❛✐❧ ▲❡♣✐N♠❛❝❤✐❧✐N K❤♦✇
✈❛❧✉❡K ❛M♦✉♥❞ ✵✳✾✺✷✕✵✳✾✺✺✳ ❍♦✇❡✈❡M✱ H❤❡ ✈❛❧✐❞✐H② ♦❢ H❤✐K ✐♥KH❛❜✐❧✐H② ✐♥❞❡① ❛M❡ ❝❛❧❝✉❧❛H❡❞ ❢M♦♠ HM✐♣❧❡H
❧✐❦❡❧✐❤♦♦❞ ♠❛♣♣✐♥❣ ✭❚❤♦M❧❡② ❛♥❞ ✐❧❦✐♥K♦♥✱ ✶✾✾✾❀ ❚❤♦M❧❡② ❛♥❞ ❛❣❡✱ ✷✵✵✵✮ ❛♥❞ ❤❛K H♦ ❜❡ ❝M✐H✐❝❛❧❧②
❝♦♥K✐❞❡M❡❞✳
M✉♥✐♥❣ ♦❢ ✉♥KH❛❜❧❡ H❛①❛ ❢M♦♠ H❤❡ ❙❖❙ ♦❢ ❆:✶ ♣M♦✈✐❞❡K ♥❡✐H❤❡M H♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ♥♦M ❞✐❢✲
❢❡M❡♥❝❡K ✐♥ K✉♣♣♦MH ❢♦M M❡♠❛✐♥✐♥❣ H❛①❛✳ ❚♦ H❡KH H❤❡ ✐♠♣❛❝H ♦❢ ✬✉♥KH❛❜❧❡✬ H❛①❛✱ ▼▲ ❛♥❛❧②K✐K ✭✶✱✵✵✵
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✐♥KH❛♥❝❡K✱ H❤❡ H♦♣♦❧♦❣② ❞✐✛❡MK ✇✐H❤ M❡K♣❡❝H H♦ H❤❛H ♦❢ ❙❖❙✲❆:✶ ✿ ✭✶✮ ②❝♥♦❣♦♥✐❞❛ ❡♠❡M❣❡K ❛K
❛ K✐KH❡M ❣M♦✉♣ H♦ ❊✉❝❤❡❧✐❝❡M❛H❛✿ ❝❤❡❧✐❝❡M❛H❡K ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝✱ ❛❧❜❡✐H ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭❇❙ ✻✹✪✮✳
❚❤❡ M❡❧❛H✐♦♥K❤✐♣K ❜❡H✇❡❡♥ ✭✐♣❤♦K✉M❛✱❆M❛♥❡❛❡✮✱ ❆KH✐❣♠❛H❛ ❛♥❞ ■①♦❞✐❞❛ ❛M❡ ♥♦H M❡K♦❧✈❡❞✱ ✐♥ ❝♦♥HM❛KH
H♦ H❤❡ ❙❖❙✲❆:✶ H♦♣♦❧♦❣②✳ ✭✷✮ ✐H❤ ❊♣✐♣❡O✐♣❛M✉N ✐♥❝❧✉❞❡❞✱ ▼❛♥❞✐❜✉❧❛H❛ ❛M❡ ✐♥❢❡MM❡❞✳ ▼②M✐❛♣♦❞❛
✭❉✐♣❧♦♣♦❞❛✱❈❤✐❧♦♣♦❞❛✮ ❛M❡ ♣M♦♣♦K❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛♥❝M✉KH❛❝❡❛✳ ❍♦✇❡✈❡M✱ ▼❛♥❞✐❜✉❧❛H❛ ♦♥❧②
K❤♦✇K ♥❡❣❧✐❣✐❜❧❡ K✉♣♣♦MH ✭❇❙ ✺✵✪✱ ❋✐❣✳ ✷✳✷✹✮✳ ✭✸✮ ❚❤❡ ❤②♠❡♥♦♣H❡M❛♥ K♣❡❝✐❡K ▲②N✐♣❤❧❡❜✉N ✭■❝❤♥❡✉✲
♠♦♥♦✐❞❡❛✮ K❤♦✇K ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ H♦ ♣❛M❛♣❤②❧❡H✐❝ ❡K♣♦✐❞❡❛ ✰ ❆♣♦✐❞❡❛✱ ❜✉H ✇✐H❤ ♥❡❣❧✐❣✐❜❧❡
K✉♣♣♦MH ✭❇❙ ✺✸✪✱ ❋✐❣✳ ❆✳✼✮✳
■♥ ❣❡♥❡M❛❧✱ ❛❜♦✉H ♦♥❡ H❤✐M❞ ♦❢ ❛❧❧ ❜♦♦HKHM❛♣ ✈❛❧✉❡K ♠❛M❣✐♥❛❧❧② ❞✐✛❡M ✇✐H❤ M❡K♣❡❝H H♦ H❤❡ ❙❖❙✲❆:✶
HM❡❡✳ ▼♦KH❧②✱ ❜♦♦HKHM❛♣ K✉♣♣♦MHK ❛M❡ ❧♦✇❡M✱ ❜✉H ♥♦H ♠♦M❡ H❤❛♥ ✺✪ ✇✐H❤ ♦♥❡ ❡①❝❡♣H✐♦♥✳ ❋♦M K♦♠❡
❝❧❛❞❡K ❜♦♦HKHM❛♣ K✉♣♣♦MH ✐K ✐♥❝M❡❛K❡❞✱ ❡✳❣✳ ❢♦M ❊♥H♦❣♥❛H❤❛ ✭❇❙ ✾✵✪ ✐♥KH❡❛❞ ♦❢ ✽✻✪✱ ❝❢✳ ❋✐❣✳ ✷✳✷✵
❛♥❞ ❋✐❣✳ ❆✳✼✮✳ ❋♦M ❊♣✐♣❡O✐♣❛M✉N✱ ♦♥❧② ❛ ❧♦✇ ♥✉♠❜❡M ♦❢ ❣❡♥❡K ❛M❡ ♣M❡K❡♥H ✭✸✸ ♦❢ ✶✷✼ ❣❡♥❡K✱ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H✿ ✵✳✾✷✕✵✳✹✹✱ ❛✈❡M❛❣❡❞ ✵✳✻✺✮✳ ❙✐♥❝❡ H❤✐K ❙❖❙ ❤❛K ♦♥❧② H✇♦ ❣❡♥❡K ❧❡KK✱ H❤❡ ✐♠♣❛❝H ♦❢ ✐♥❝❧✉K✐♦♥
♦❢ H❤✐K K✐♥❣❧❡ H❛①♦♥✱ ✭❊♣✐♣❡O✐♣❛M✉N✮ ♦♥ H❤❡ H♦♣♦❧♦❣② ✐K ❛KH♦♥✐K❤✐♥❣✳ ■H ♠✐❣❤H M❡✢❡❝H H❤❡ ✐♥KH❛❜✐❧✐H② ♦❢
❝❡MH❛✐♥ K♣❧✐HK✱ ❡✳❣✳ ▼❛♥❞✐❜✉❧❛H❛ ♦M ▼②M✐♦❝❤❡❧❛H❛✳
❙❡❧❡❝L❡❞ ♦♣L✐♠❛❧ N✉❜N❡L ♦❢ ❆^✸♦^ ✭❙❖❙✮✳ ❊①❝❧✉K✐♦♥ ♦❢ ❛❧❧ ♣M♦H❡♦♠❡ K♣❡❝✐❡K ✐♥ ❞❛H❛ K❡H
❆:✸♦: M❡K✉❧HK ✐♥ ❛♥ ❙❖❙ ✇❤✐❝❤ K❧✐❣❤H❧② ❞✐✛❡MK ✐♥ H❛①❛✲ ❛♥❞ ❣❡♥❡ K❡❧❡❝H✐♦♥ ❝♦♠♣❛M❡❞ ✇✐H❤ ❙❖❙✲❆:✶
✭K❡❝H✐♦♥ ✷✳✸✳✶✱ ❋✐❣✳ ✷✳✶✷✮✳ ■♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✱ ❛♥❝M✉KH❛❝❡❛✱ ❍❡①❛♣♦❞❛✱ ❊❝H♦❣♥❛H❤❛✱ ❊♥❞♦♣H❡M②✲
❣♦H❛ ♦M ❍②♠❡♥♦♣H❡M❛ ❛M❡ M♦❜✉KH❧② M❡K♦❧✈❡❞✳ ❍②♠❡♥♦♣H❡M❛ ❜M❛♥❝❤ ♦✛ ✜MKH ✇✐H❤✐♥ ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✳
❚♦♣♦❧♦❣② ❛♥❞ K✉♣♣♦MH ✈❛❧✉❡K ❞✐✛❡M ✐♥ ❢♦❧❧♦✇✐♥❣ ✐♥KH❛♥❝❡K✿ ✭✶✮ ❊✉❛MH❤M♦♣♦❞❛ K❤♦✇ ❛ M❡♠❛M❦❛❜❧❡ ✇❡❛❦
✷✳✸✳ ❘❡K✉❧HK ✺✾
K✉♣♣♦MH ✭❇❙ ✻✼✪✮✳ ✭✷✮ ▼②M✐♦❝❤❡❧❛H❛ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝✱ ❜✉H ♥❡❣❧✐❣✐❜❧② K✉♣♣♦MH❡❞✳ ❈❤❡❧✐❝❡M❛H❛✱ ✐♥✲
❝❧✉❞✐♥❣ ②❝♥♦❣♦♥✐❞❛✱ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝✳ ②❝♥♦❣♦♥✐❞❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❊✉❝❤❡❧✐❝❡M❛H❛ ✇✐H❤ ♠❛①✐♠❛❧








































































❋✐❣✉M❡ ✷✳✷✹✳✿ ❙❝❤❡♠❛>✐❝ @❡❝>✐♦♥ ♦❢ >❤❡ ♣❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✱ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✮ ♦❢ ✶✶✽✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@
✭✶✷✼ ❣❡♥❡@✮ ❜❛@❡❞ ♦♥ >❤❡ ❙❖❙ ♦❢ ❆8✷✳ ❚♦♣♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡@ ❝♦♠♣❛A❡❞ ✇✐>❤ ❋✐❣✳ ✷✳✷✵ ❛A❡ ✐♥ ❜❧❛❝❦❀
✐♥❝A❡❛@❡❞ ❇❙ ✈❛❧✉❡@✿ ❣A❡❡♥❀ ❞❡❝A❡❛@❡❞ ❇❙ ✈❛❧✉❡@✿ A❡❞✳ ❆@>❡A✐@❦@ ∗ ✐♥❞✐❝❛>❡ ❊❙❚ >❛①❛ ❝♦♥>A✐❜✉>❡❞
♠❡♠❜❡A@ ♦❢ >❤❡ ✬❆A>❤A♦♣♦❞ ❉▼e ◆❡>✇♦A❦✬❀ ♦✇♥ ❊❙❚✲>❛①❛ ❛A❡ ✐♥ ❜♦❧❞✲♣A✐♥>✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❛♥❞ ❧❛❜❡❧✐♥❣
❛A❡ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✷✳✶✾✳ ❋♦A >❤❡ ❝♦♠♣❧❡>❡ >♦♣♦❧♦❣② @❡❡ ❋✐❣✳ ❆✳✼✳
❚❤❡ K✉♣♣♦MH ❢♦M ❊✉❝❤❡❧✐❝❡M❛H❛ ✐K M❡♠❛M❦❛❜❧② ❧♦✇❡M H❤❛♥ ✐♥ H❤❡ ❙❖❙ HM❡❡ ♦❢ ❆:✶✳ ✭✸✮ ❇M❛♥❝❤✐♦♣♦❞❛
❛M❡ K✉❣❣❡KH❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❍❡①❛♣♦❞❛ ✇✐H❤ ♥❡❣❧✐❣✐❜❧❡ K✉♣♣♦MH✳ ✭✹✮ ✐H❤✐♥ ♣M✐♠❛M② ✇✐♥❣❧❡KK
❤❡①❛♣♦❞K✱ K✉♣♣♦MH ❢♦M ❊♥H♦❣♥❛H❤❛ ✐♥❝M❡❛K❡K ✇❤✐❧❡ K✉♣♣♦MH ❢♦M ◆♦♥♦❝✉❧❛H❛ K❧✐❣❤H❧② ❞❡❝M❡❛K❡K✳ ✭✺✮
✐H❤✐♥ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✱ H❤❡ ❞❛♠K❡❧✢② ■N❝❤♥✉O❛✱ H❤❡ ♠❛②✢② ❇❛❡M✐N ❛♥❞ H❤❡ ❧♦✉K❡ ^❡❞✐❝✉❧✉N ❜M❛♥❝❤
♦✛ ✜MKH✱ ❜✉H M❡❧❛H✐♦♥K❤✐♣K ❛M❡ ✉♥M❡K♦❧✈❡❞✳ H❡M②❣♦H❛ ❛M❡ ♠❛①✐♠❛❧❧② K✉♣♣♦MH❡❞✳ ✐H❤✐♥ ❤❡♠✐♠❡H❛❜♦❧❛♥K✱
♠♦KH M❡❧❛H✐♦♥K❤✐♣K ❛M❡ ♠♦❞❡M❛H❡❧② K✉♣♣♦MH❡❞✳ ❚❤❡ ✢❡❛ ❈M❡♥♦❝❡♣❤❛❧✐❞❡N ✐K ♣M♦♣♦K❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦
✭▲❡♣✐❞♦♣H❡M❛✱❉✐♣H❡M❛✮✳ ❚❤❡ K✉♣♣♦MH ❢♦M ▲❡♣✐❞♦♣H❡M❛ ❛♥❞ ❛ ❝❧❛❞❡ ✭▲❡♣✐❞♦♣H❡M❛✱❉✐♣H❡M❛✮ ✐K ❝♦♥K✐❞❡M❛❜❧②
❧♦✇❡M H❤❛♥ ✐♥ H❤❡ ❆:✶✲❙❖❙ HM❡❡✳ ▲❡❛❢ KH❛❜✐❧✐H② ✐♥❞✐❝❡K ✭❙♠✐H❤ ❛♥❞ ❉✉♥♥✱ ✷✵✵✽✮ ❢♦M H❤✐K ❞❛H❛ K❡H
✐❞❡♥H✐❢② ❢♦❧❧♦✇✐♥❣ H❛①❛ ❛K ✬✉♥KH❛❜❧❡✬ ✭▲❙■ < ✾✺✪✮✿ ♠②M✐❛♣♦❞K✱ ♣❛♥H♦♣♦❞K✱ H❤❡ ❜❛M♥❛❝❧❡ ^♦❧❧✐❝✐♣❡N✱ ❛❧❧
✐♥❝❧✉❞❡❞ ❜M❛♥❝❤✐♦♣♦❞K ❛♥❞✱ ✇✐H❤✐♥ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✱ H❤❡ ♠❛②✢② ❇❛❡M✐N✱ H❤❡ ❧♦✉K❡ ^❡❞✐❝✉❧✉N✱ ■K♦♣H❡M❛✱
❜❧❛HH❛M✐❛♥K ❛K ✇❡❧❧ ❛K ❛❧❧ ♦MH❤♦♣H❡M❛♥ ✐♥K❡❝HK✳












































































































































































































❋✐❣✉M❡ ✷✳✷✺✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✮ ♦❢ ✶✷✺✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@ ✭✶✵✵ ❣❡♥❡@✱ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✮ ❜❛@❡❞ ♦♥
>❤❡ ❙❖❙ ♦❢ ❆8✸♦8✳ ❇❧❛❝❦ ❛AA♦✇@✿ ✐♥❝A❡❛@❡❞ ❇❙ ✈❛❧✉❡@✱ ❣A❛② ❛AA♦✇@✿ ❞❡❝A❡❛@❡❞ ❇❙ ✈❛❧✉❡@ ❝♦♠♣❛A❡❞
>♦ ❙❖❙ ♦❢ ❆8✶ ✭❋✐❣✳ ✷✳✷✵✮✳ ❋♦A ❝♦❧♦A ❝♦❞❡ ❛♥❞ ❧❛❜❡❧✐♥❣ @❡❡ ❋✐❣✳ ✷✳✶✾✳
✷✳✸✳ ❘❡K✉❧HK ✻✶
❚❛❜❧❡ ✷✳✶✶✳✿ ❙❡❧❡❝?❡❞ ❝❧❛❞❡A ❛♥❞ ❜♦♦?A?B❛♣ ✈❛❧✉❡A ❢B♦♠ ▼▲ ❛♥❛❧②A✐A ♦❢ ?❤❡ ❆7✸♦7 ❙❖❙
✭♣B♦?❡♦♠❡ A♣❡❝✐❡A ❡①❝❧✉❞❡❞✱ ✶✷✺ ?❛①❛✱ ✶✵✵ ❣❡♥❡A✮ ❝♦♠♣❛B❡❞ ✇✐?❤ ?❤❡ ❆7✶ ❙❖❙✳
❙❡❧❡❝L❡❞ ❝❧❛❞❡N ♦❢ ❙❖❙ ❞❛L❛ N✉❜N❡LN ❇♦♦LNLP❛♣ N✉♣♣♦PL ❇♦♦LNLP❛♣ N✉♣♣♦PL





❝M✉KH❛❝❡❛♥K ❡①❝❧✉❞✐♥❣ ❇M❛♥❝❤✐♦♣♦❞❛ ✽✹ ✾✾
✭❈✐MM✐♣❡❞✐❛✱❈♦♣❡♣♦❞❛✮ ✼✵ ✼✽
✭❇M❛♥❝❤✐♦♣♦❞❛✱❍❡①❛♣♦❞❛✮ ✺✶ ✾✷







❚❤❡ H♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❛M❡ ♠❛M❣✐♥❛❧ ❜❡H✇❡❡♥ HM❡❡K ✐♥❝❧✉❞✐♥❣ ❛♥❞ ❡①❝❧✉❞✐♥❣ ❉❛♣❤♥✐❛ ♣✉❧❡①✳ ❚❤✐K ✐K
HM✉❡ ❢♦M ❜♦H❤✱ H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛ K❡HK ❛♥❞ M❡K♣❡❝H✐✈❡ ❙❖❙✳ ❉✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛ K❡HK ♦❝✲
❝✉M ♠❛✐♥❧② ❢♦M ❜♦♦HKHM❛♣ K✉♣♣♦MH ✈❛❧✉❡K✳ ❚❤M❡❡ H♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❛M❡ ♣❡M❝❡♣H✐❜❧❡✱ ♦♥❡ ❡❛❝❤ ✇✐H❤✐♥
❤②♠❡♥♦♣H❡M❛♥K✱ ❧❡♣✐❞♦♣H❡M❛♥K ❛♥❞ ❞✐♣H❡M❛♥K✳ ❊①❡♠♣❧❛M✐❧②✱ ♦♥❧② ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛
K❡H ❊♥♦:❉❛ ❛♥❞ ✐HK ❙❖❙ ✐♥❝❧✉❞✐♥❣ ❉❛♣❤♥✐❛ ❛M❡ ♦✉H❧✐♥❡❞✳ ❋♦M H♦♣♦❧♦❣✐❡K ✐♥❢❡MM❡❞ ❢M♦♠ ❞❛H❛ K❡H ❊♥♦:
❛♥❞ ✐HK ❙❖❙ ✭❋✐❣K✳ ❆✳✽✱ ❆✳✾✮✳ ■♥ ♠❛♥② ✐♥KH❛♥❝❡K✱ H❤❡ H♦♣♦❧♦❣② ✐♥❢❡MM❡❞ ❢M♦♠ ❊♥♦:❉❛ ✐K ✉♥M❡K♦❧✈❡❞
✭❋✐❣✳ ✷✳✷✻✮✳ ❚❤❡ ❜✉HH❡M✢② ❊✉❝❧✐❞✐❛ ✭◆♦❝H✉✐❞❡❛✱ ❝♦✈❡M✐♥❣ ♦♥❧② ✶✻ ♦❢ ✼✼✺ ❣❡♥❡K✮ ✐K ♣❧❛❝❡❞ ❛K ❛ K✐KH❡M
❣M♦✉♣ H♦ ❛❧❧ ❡♥K✐❢❡M❛♥K ✭❖MH❤♦♣H❡M❛✮✳ ❚❤✉K✱ ❡♥❞♦♣H❡M②❣♦H❛♥K ❛M❡ ♥♦H ♠♦♥♦♣❤②❧❡H✐❝✱ ❧❡♣✐❞♦♣H❡M❛♥K ❛M❡
♣♦❧②♣❤②❧❡H✐❝✳ ❆ K✉K♣✐❝✐♦✉K ♣❧❛❝❡♠❡♥H ♦❢ ❊✉❝❧✐❞✐❛ ✇❛K ❛❧M❡❛❞② ♦❜H❛✐♥❡❞ ✐♥ ❛ ♣M❡✈✐♦✉K HM❡❡ ✭❋✐❣K✳ ✷✳✶✽✱
✷✳✶✾✮✳ ❘❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥ ❤②♠❡♥♦♣H❡M❛♥K ❛♥❞ ❝♦❧❡♦♣H❡M❛♥K ❛♥❞ ❜❡H✇❡❡♥ ❤②♠❡♥♦♣H❡M❛♥K✱ ❝♦❧❡♦♣H❡M✲
❛♥K ❛♥❞ KHM❡♣K✐♣H❡M❛♥K ❛M❡ ✉♥M❡K♦❧✈❡❞✳ ▲❡♣✐❞♦♣H❡M❛♥K ✭❡①❝❧✉❞✐♥❣ ❊✉❝❧✐❞✐❛✮ ❛M❡ ♣❧❛❝❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣
H♦ ♣❛M❛♣❤②❧❡H✐❝ ♠❡❝♦♣H❡M❛♥K✱ ❜✉H ✇✐H❤ ✇❡❛❦ K✉♣♣♦MH ✭❇❙ ✺✶✪✮✳ ❚❤❡ ♠❡❝♦♣H❡M❛♥ ^❛♥♦O♣❛ ✐K ❛ K✐KH❡M
❣M♦✉♣ ♦❢ ❙✐♣❤♦♥❛♣H❡M❛ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✳ ✭▼❡❝♦♣H❡M❛✱❙✐♣❤♦♥❛♣H❡M❛✮ ✐K ✐♥❢❡MM❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦
♠♦♥♦♣❤②❧❡H✐❝ ❉✐♣H❡M❛ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ✭❇❙ ✾✾✪✮✳ ✐H❤✐♥ ❞✐♣H❡M❛♥K✱ ❇M❛❝❤②❝❡M❛ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝
✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH❀ ◆❡♠❛H♦❝❡M❛♥K ❛M❡ ♥♦H ♠♦♥♦♣❤②❧❡H✐❝ ❝❛✉K❡❞ ❜② H❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ^❤❧❡❜♦M♦♠✉N
❛♥❞ ▲✉M③♦♠②✐❛✳
■♥ ❝♦♥HM❛KH✱ H❤❡ H♦♣♦❧♦❣② ♦❢ H❤❡ ❙❖❙ ♦❢ ❊♥♦:❉❛ K❤♦✇K ♠♦KH❧② ✇❡❧❧ M❡K♦❧✈❡❞ K♣❧✐HK ✭❋✐❣✳ ✷✳✷✼✮✳
❆❧❧ ♦M❞❡MK ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH✳ ✐H❤✐♥ ❊♥❞♦♣H❡M②❣♦H❛✱ ❍②♠❡♥♦♣H❡M❛ ❜M❛♥❝❤ ♦✛
✜MKH ❛♥❞ ❛M❡ K✉❣❣❡KH❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ M❡♠❛✐♥✐♥❣ ✐♥K❡❝H ♦M❞❡MK✳ ▲❡♣✐❞♦♣H❡M❛ ❛M❡ K✐KH❡M ❣M♦✉♣
♦❢ ❉✐♣H❡M❛✳ ✐H❤✐♥ ❉✐♣H❡M❛✱ ◆❡♠❛H♦❝❡M❛ ❛M❡ ♣❛M❛♣❤②❧❡H✐❝ ❛K ♣M❡✈✐♦✉K❧② ✐♥❢❡MM❡❞✳ ❈♦♥K✐❞❡M✐♥❣ H❤❡
M❡K♦❧✉H✐♦♥ ♦❢ ❝❧❛❞❡K✱ H❤❡ ❙❖❙ ♣M♦✈✐❞❡ ♠✉❝❤ ♠♦M❡ M♦❜✉KH K✉❜HM❡❡K ❝♦♠♣❛M❡❞ ✇✐H❤ H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛ K❡H
✭❋✐❣✳ ✷✳✷✻✮✳ ❚❤✉K✱ K❡❧❡❝H✐♥❣ ❛♥ ♦♣H✐♠❛❧ ❞❛H❛ K✉❜K❡H ✭❙❖❙✮ ♣❛②K ♦❢ ✐HK ❡✛♦MH ❢♦M ♣M❡K❡♥H ❡♥❞♦♣H❡M②❣♦H❡
❞❛H❛ K❡HK✳



























































































































































❋✐❣✉M❡ ✷✳✷✻✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✮ ♦❢ ✶✵✼✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@ ✭✼✼✺ ❣❡♥❡@✱ ✶✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✮ ❜❛@❡❞ ♦♥
❞❛>❛ @❡> ❊♥♦8❉❛✳ ❖✉>❣A♦✉♣ @♣❡❝✐❡@✿ ❉❛♣❤♥✐❛ ❛♥❞ ❡♥@✐❢❡A❛♥@ ✭❖A>❤♦♣>❡A❛✮✱ >❤❡ >A❡❡ ✇❛@ A♦♦>❡❞ ✇✐>❤
❉❛♣❤♥✐❛✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❛A❡ ❞❡A✐✈❡❞ ❢A♦♠ ✶✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❂ ✶✵✵✿ ❛ ❞♦>
♦♥❧②❀ @✉♣♣♦A> ✈❛❧✉❡@ < ✼✵ ❧❛❜❡❧❡❞ ✇✐>❤♦✉> ❞♦>❀ ◗✉♦>❛>✐♦♥ ♠❛A❦@✿ ❝❧❛❞❡@ ❛A❡ ♥♦> ♠♦♥♦♣❤②❧❡>✐❝✳ ❈♦❧♦A
❝♦❞❡✿ ♦✉>❣A♦✉♣@✿ ❣A❛②❀ ❤②♠❡♥♦♣>❡A❛♥@✿ ❞❛A❦ ❜❧✉❡❀ ❝♦❧❡♦♣>❡A❛♥@✿ ♥❛✈② ❜❧✉❡❀ @>A❡♣@✐♣>❡A❛♥@✿ @❡❛ ❜❧✉❡❀









































❋✐❣✉M❡ ✷✳✷✼✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✮ ♦❢ ✷✾✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@ ✭✶✶✷ ❣❡♥❡@✱ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✮ ❜❛@❡❞ ♦♥
>❤❡ ❙❖❙ ♦❢ ❊♥♦8❉❛✱ ✐♥❝❧✉❞✐♥❣ ♣A♦>❡♦♠❡ @♣❡❝✐❡@ ❉❛♣❤♥✐❛ ✇❤❡A❡ >❤❡ ♣A♦>❡♦♠❡ ✐@ ❛✈❛✐❧❛❜❧❡ ✭❚❛❜✳ ✷✳✺✮✳
❖✉>❣A♦✉♣ @♣❡❝✐❡@✿ ❉❛♣❤♥✐❛ ❛♥❞ ❡♥@✐❢❡A❛♥@ ✭❖A>❤♦♣>❡A❛✮✳ ❚❤❡ >A❡❡ ✇❛@ A♦♦>❡❞ ✇✐>❤ ❉❛♣❤♥✐❛✳ ❈♦❧♦A
❝♦❞❡✿ ♦✉>❣A♦✉♣@✿ ❣A❛②❀ ❤②♠❡♥♦♣>❡A❛♥@✿ ❞❛A❦ ❜❧✉❡❀ ❝♦❧❡♦♣>❡A❛♥@✿ ♥❛✈② ❜❧✉❡❀ ❧❡♣✐❞♦♣>❡A❛♥@✿ A♦②❛❧ ❜❧✉❡❀
❞✐♣>❡A❛♥@✿ ♠✐❞✲❜❧✉❡✳
❘❡❛♥❛❧②N✐N ♦❢ ❉✉♥♥ ❡L ❛❧✳ ✭✷✵✵✽✮
❆❧❧ ▼▲ HM❡❡K ✐♥❢❡MM❡❞ ❢M♦♠ K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜K❡HK ❜❛K❡❞ ♦♥ ❉✉♥♥✬K ♦M✐❣✐♥❛❧ ❞❛H❛ K❡H ✭✇❤❛H❡✈❡M ♦♣✲
H✐♦♥ ✇✐H❤ ▼❆❘❊ ✇❛K ❛♣♣❧✐❡❞✮✱ K❤♦✇ ❛ ❞❡❝M❡❛K❡❞ M❡K♦❧✉H✐♦♥ ❛♥❞ ❞❡❝M❡❛K❡❞ K✉♣♣♦MH ✈❛❧✉❡K ✭❝❢✳ ❋✐❣K✳
✷✳✷✽✱ ✷✳✷✾ ❛♥❞ ❆✳✶✵✮✳ ❍♦✇❡✈❡M✱ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ❛M❡ ✐♥❝M❡❛K❡❞
✇❤❡♥ ▼❆❘❊ ✐K ❛♣♣❧✐❡❞ ✭K❡❡ K❡❝H✐♦♥ ✷✳✸✳✶ ❛♥❞ ❋✐❣✳ ✷✳✶✺✮✳ ❊K♣❡❝✐❛❧❧② ✐♥ ❞❡❡♣ ♠❡H❛③♦❛♥ K♣❧✐HK✱ H❤❡M❡ ✐K
♥♦ M❡K♦❧✉H✐♦♥ ❛H ❛❧❧✳ ❙❡✈❡M❛❧ ❛MH❤M♦♣♦❞ ❝❧❛❞❡K✱ ❡✳❣✳ ❊✉❛MH❤M♦♣♦❞❛✱ ❛♥❝M✉KH❛❝❡❛ ❛♥❞ ❛ ❝❧❛❞❡ ✭❇M❛♥✲
❝❤✐♦♣♦❞❛✱❍❡①❛♣♦❞❛✮ K❤♦✇ ❤✐❣❤ K✉♣♣♦MH ✐♥ H❤❡ HM❡❡ ✐♥❢❡MM❡❞ ❢M♦♠ H❤❡ ✐♥ ♦M✐❣✐♥❛❧ ❞❛H❛ K❡H ✭❋✐❣✳ ✷✳✷✽✮✳ ■♥
❝♦♥HM❛KH✱ ❜♦H❤ ❙❖❙ H♦♣♦❧♦❣✐❡K ♣M♦♣♦K❡ ❖♥②❝❤♦♣❤♦M❛ H♦ ❜❡ ♣♦K✐H✐♦♥❡❞ ✇✐H❤✐♥ ❡✉❛MH❤M♦♣♦❞K✱ ❜✉H ✇✐H❤
✇❡❛❦ K✉♣♣♦MH ✭❇❙ < ✼✵✪✮✳ ❛♥❝M✉KH❛❝❡❛ K❤♦✇ ♦♥❧② ❧♦✇ K✉♣♣♦MH ✭❇❙ < ✽✵✪✮ ❛K ✇❡❧❧✳ ②❝♥♦❣♦♥✐❞❛
❛M❡ ✐♥❢❡MM❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛ ❝❧❛❞❡ ✭❖♥②❝❤♦♣❤♦M❛✱▼②M✐❛♣♦❞❛✱❊✉❝❤❡❧✐❝❡M❛H❛✮ ✇❤✐❧❡ ✐♥H❡M♥❛❧ M❡❧❛✲
H✐♦♥K❤✐♣K ❛M❡ ✉♥M❡K♦❧✈❡❞✳ ❇M❛♥❝❤✐♦♣♦❞❛ K❤♦✇ ❛K ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ✇✐H❤ ❤❡①❛♣♦❞K✱ ♠♦❞❡M❛H❡❧②
K✉♣♣♦MH❡❞ ✭❇❙ < ✾✵✪✮✳
❋♦M ❉✉♥♥✬K ❞❛H❛ K❡H✱ K❡❧❡❝H✐♥❣ ❛♥ ♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ ✇✐H❤ ✐♥❝M❡❛K❡❞ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H ❛♥❞ ✐♥❝M❡❛K❡❞ ♠❛HM✐① K❛H✉M❛H✐♦♥ ❞✐❞ ♥♦H ✐♠♣M♦✈❡ HM❡❡ M♦❜✉KH♥❡KK✳ ❋♦M ♣♦KK✐❜❧❡ M❡❛K♦♥K✱ H❤❡
✈❡M② ❧♦✇ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❣❡♥❡K ❛♥❞ ❛ K✐♠✐❧❛M ●❛✉KK✐❛♥ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ♣M❡K❡♥H|❛❜K❡♥H ❞❛H❛ K❤♦✉❧❞
❜❡ ❝♦♥K✐❞❡M❡❞✳





































































































❋✐❣✉M❡ ✷✳✷✽✳✿ e❤②❧♦❣A❛♠ ✭▼▲✱ ♠❛❥♦A✐>② A✉❧❡✮ ❜❛@❡❞ ♦♥ >❤❡ ♦A✐❣✐♥❛❧ ❞❛>❛ @❡> ♦❢ ❉✉♥♥ ❡> ❛❧✳ ✭✷✵✵✽✮ ✇✐>❤ ✼✼ >❛①❛✱ ✶✺✵
❣❡♥❡@✱ @❡❡ @❡❝>✐♦♥ ✷✳✸✳✶ ❛♥❞ ❋✐❣✳ ✷✳✶✺✳ ❇♦♦>@>A❛♣ ✈❛❧✉❡@ ✇❡A❡ ❞❡A✐✈❡❞ ❢A♦♠ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✳
❚❤❡ ✇❛@ >A❡❡ A♦♦>❡❞ ✇✐>❤ ❙❛❝❝❤❛A♦♠②❝❡? ❛♥❞ ❈A②♣=♦❝♦❝❝✉?✳ ❈♦❧♦A ❝♦❞❡✿ eA✐❛♣✉❧✐❞❛✱ ❑✐♥♦AA❤②♥❝❤❛✱ ◆❡✲
♠❛>♦❞❛✱ ◆❡♠❛>♦♠♦A♣❤❛✿ ❣A❛②❀ ❚❛A❞✐❣A❛❞❛✿ ♣✐♥❦❀ ❖♥②❝❤♦♣❤♦A❛✿ ✈✐♦❧❡>❀ ❝❤❡❧✐❝❡A❛>❡@✿ ❣A❡❡♥❀ ▼②A✐❛♣♦❞❛✿





























































































❋✐❣✉M❡ ✷✳✷✾✳✿ e❤②❧♦❣A❛♠ ✭♠❛❥♦A✐>② A✉❧❡✮ ♦❢ ❛ ✼✵✲>❛①♦♥ ▼▲ ❛♥❛❧②@✐@ ✭✷✾ ❣❡♥❡@✱ ✶✱✵✵✵ ❜♦♦>@>A❛♣ A❡♣❧✐❝❛>❡@✮ ❜❛@❡❞ ♦♥
>❤❡ ❙❖❙ ✭✲ >✮ ♦❢ >❤❡ ♣A♦✈✐❞❡❞ ❞❛>❛ ♦❢ ❉✉♥♥ ❡> ❛❧✳ ✭✷✵✵✽✮✳ ❋♦A ❧❛❜❡❧✐♥❣ ❛♥❞ ❝♦❧♦A ❝♦❞❡✱ @❡❡ ❋✐❣✳ ✷✳✷✽✳
✻✻ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
✷✳✹✳ ❉✐>❝✉>>✐♦♥
❚❤✐K ✐K H❤❡ ✜MKH KH✉❞② ✇✐H❤ ❛♥ ❡①H❡♥K✐✈❡ ❛MH❤M♦♣♦❞ H❛①♦♥ K❛♠♣❧✐♥❣ ❛♥❞ ❛ ❧❛M❣❡✲K❝❛❧❡ ❣❡♥❡ ❝♦✈❡M❛❣❡✳
●❛♣♣✐♥❡KK ✐♥ ❞❛H❛ ♠❛HM✐❝❡K✱ ❝❛✉H✐♦✉K H❛①❛ ❛♥❞ ❣❡♥❡ K❡❧❡❝H✐♦♥ ❛♥❞ ❣❡♥❡ ♦✈❡M❧❛♣ ❜❡H✇❡❡♥ H❛①❛ ❤❛✈❡
❡①H❡♥K✐✈❡❧② ❛❞❞M❡KK❡❞✳ ❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ K❡HK ✇✐H❤ ❛♥ ❧❛M❣❡ ❡✉❛MH❤M♦♣♦❞ H❛①♦♥ K❛♠♣❧✐♥❣ ❛M❡ ♠♦KH❧②
❢♦❝✉K❡❞ ♦♥ ♣❛MH✐❝✉❧❛M ❣❡♥❡K ✭❚✐♠♠❡M♠❛♥K ❡H ❛❧✳✱ ✷✵✵✽❀ ❆❧❡K❤✐♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❙H✉❞✐❡K ✐♥❝❧✉❞✐♥❣ ❛
❜M♦❛❞ ❣❡♥❡ ❝♦✈❡M❛❣❡ ❝♦♠♣M✐K❡ ♦♥❧② K♠❛❧❧ ❡✉❛MH❤M♦♣♦❞ H❛①♦♥ K❛♠♣❧✐♥❣K ❛♥❞ ❛M❡ ❢♦❝✉K❡❞ ♦♥ ❊❝❞②K♦③♦❛
♦M ▼❡H❛③♦❛ ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳
M❡K❡♥H ❛♥❛❧②K❡K ✐❧❧✉KHM❛H❡ ✉♣❝♦♠✐♥❣ ❞❡♠❛♥❞K✿ H❤❡ ✐♥H❡M❛❝H✐♦♥ ♦❢ ♣❛M❛♠❡H❡MK✱ ❢♦M ❡①❛♠♣❧❡ H❛①❛✴❣❡♥❡
♦✈❡M❧❛♣✱ ♠❛HM✐① K❛H✉M❛H✐♦♥✱ ❞❛H❛ ❞✐KHM✐❜✉H✐♦♥✱ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❣❡♥❡K✱ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ K✐❣♥❛❧
❛♠♦♥❣ ❣❡♥❡K ❛♥❞ ✐HK ❞✐KHM✐❜✉H✐♦♥✱ ❛♥❞ H❤❡✐M ❡✛❡❝HK ♦♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ✐K ♥♦H ❝❧❡❛M❧② ✉♥❞❡MKH♦♦❞✳
❋♦❧❧♦✇✐♥❣ Q✉❡KH✐♦♥K ❛M❡ ✐♥HM♦❞✉❝❡❞ ❛♥❞ K❤♦✉❧❞ ❜❡ ❡①❛♠✐♥❡❞ ✐♥ ❢✉H✉M❡ M❡K❡❛M❝❤✿ ❛✮ ❈❛♥ ❣❡♥❡K ✇✐H❤ ❧♦✇
♦M ♥♦ K✐❣♥❛❧ ❧❡❛❞ H♦ M❡K♦❧✈❡❞ HM❡❡K ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ❛♥❞ ❝♦✉❧❞ H❤✐K ❜❡ ❝❛✉K❡❞ ❜② M❛♥❞♦♠♥❡KK❄ ❜✮ ■K
❝♦♥HM❛❞✐❝H✐♥❣ K✐❣♥❛❧ ♣M❡K❡♥H ❢♦M ♣❛MH✐❝✉❧❛M K♣❧✐HK ❛♥❞ ❤♦✇ ❞♦❡K H❤✐K ❛✛❡❝H ♥♦❞❡ M❡K♦❧✉H✐♦♥❄ ❝✮ ❤✐❝❤
♠❡H❤♦❞ ❝❛♥ M❡❧✐❛❜❧② ❡KH✐♠❛H❡ ✐♥✢✉❡♥❝❡K ♦❢ K✐♥❣❧❡ ❣❡♥❡K✴❣❡♥❡ ❣M♦✉♣K ♦M K✐♥❣❧❡ H❛①❛✴H❛①♦♥ ❣M♦✉♣K ♣M✐♦M
H♦ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥❄ ❞✮ ❆M❡ ♠✐①H✉M❡K ♦❢ ❢❛KH ❡✈♦❧✈✐♥❣ ❣❡♥❡K H♦ M❡K♦❧✈❡ H❡M♠✐♥❛❧ ♥♦❞❡K ❛♥❞ K❧♦✇
❡✈♦❧✈✐♥❣ ❣❡♥❡K H♦ M❡K♦❧✈❡ ❞❡❡♣ K♣❧✐HK ❛♣♣M♦♣M✐❛H❡ ✇✐H❤✐♥ ❛ K✉♣❡M♠❛HM✐① ❛♣♣M♦❛❝❤❄ ❡✮ ❍♦✇ ❝❛♥ ❧♦♥❣
❜M❛♥❝❤ H❛①❛ ❜❡ ✐❞❡♥H✐✜❡❞ ♣M✐♦M H♦ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ❛♥❞ ❤♦✇ ❝❛♥ H❤❡② ❜❡ ♣M♦♣❡M❧② ♠♦❞❡❧❡❞❄
❚❤❡ ❛♣♣❧✐❝❛H✐♦♥ ♦❢ ▼❆❘❊ ♦✉H❧✐♥❡K ♣♦KK✐❜❧❡ ♣M♦❜❧❡♠K ✇✐H❤✐♥ ❧❛M❣❡✲K❝❛❧❡ ❞❛H❛ K❡HK✳ ❖❜K❡M✈❡❞ ❡✛❡❝HK
♦♥ H❛①❛ ❛♥❞ ❣❡♥❡ K❡❧❡❝H✐♦♥ ❛♥❞ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ❞✉❡ H♦ ❞✐✛❡M❡♥H K❡HH✐♥❣K ❛♥❞ ❞❛H❛ K❡HK ❛❧❧♦✇
KH❛H❡♠❡♥HK ❛❜♦✉H ✇❤❛H ✇❡ ❤❛✈❡ ✉♥❞❡MKH♦♦❞ ②❡H ❛♥❞ ✇❤❛H ✇❡ KH✐❧❧ ❞♦ ♥♦H ✉♥❞❡MKH❛♥❞✳ ❚❤✐K ♣M♦✈✐❞❡K
❤✐♥HK ✐♥ ✇❤✐❝❤ ❞✐M❡❝H✐♦♥ M❡✜♥❡♠❡♥HK ♦M ❞❡✈❡❧♦♣♠❡♥H ♦❢ ♥❡✇ ♠❡H❤♦❞K ❝♦✉❧❞ ❧❡❛❞ ✭❡✳❣✳ ✐♥✢✉❡♥❝❡K ♦❢
K✐♥❣❧❡ H❛①❛✱ ✐♥H❡M❛❝H✐♦♥ ❜❡H✇❡❡♥ ❣❡♥❡ ❤❡H❡M♦❣❡♥❡✐H②✱ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ❞❛H❛ ❛♥❞ ♠❛HM✐① K❛H✉M❛H✐♦♥✮✳
❆ ❞M❛✇❜❛❝❦ ♦❢ ♣M❡K❡♥H ❛♥❛❧②K❡K ❛M❡ ❝♦♠♣✉H❛H✐♦♥❛❧ ❧✐♠✐H❛H✐♦♥K✿ ❧❛M❣❡ K❝❛❧❡ ❞❛H❛ ❞❡♠❛♥❞ ♥❡✇ M❡❝♦♥✲
KHM✉❝H✐♦♥K H♦♦❧K H❤❛H M❡Q✉✐M❡ ❧❡KK ❝♦♠♣✉H❛H✐♦♥❛❧ ♣♦✇❡M ❛♥❞ ❝❛♥ ❜❡ ♣M❡❢❡M❛❜❧② ❡①❡❝✉H❡❞ ♦♥ ❞❡K❦H♦♣ ❈K
✐♥ ❛ M❡❛K♦♥❛❜❧❡ H✐♠❡✳ ❡ K❤♦✉❧❞ ❜❡ ❛✇❛M❡ H❤❛H H❤❡ ❛♠♦✉♥H ♦❢ ❞❛H❛ ✇✐❧❧ ✐♥❝M❡❛K❡ ✶✵✕✷✵ H✐♠❡K ✇✐H❤
✹✺✹ K❡Q✉❡♥❝✐♥❣✳ ◆❡✇ ❜✐♦✐♥❢♦M♠❛H✐❝❛❧ H♦♦❧K ❛M❡ ♥❡❝❡KK❛M② H♦ ♣M♦♣❡M❧② ❤❛♥❞❧❡ H❤❡K❡ ❞❛H❛ ✐♥ ♣M♦❝❡KK✐♥❣✱
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❉✉❡ H♦ H❤❡ ❝♦♠♣❧❡① ♥❛H✉M❡ ♦❢ ❣❡♥♦♠❡ ❡✈♦❧✉H✐♦♥ ✭❣❡♥❡ ❧♦KK✱ ❞✉♣❧✐❝❛H✐♦♥K✱ ❢✉♥❝H✐♦♥❛❧ ❞✐✈❡MK✐✜❝❛H✐♦♥✮✱
❛ ❝❛✉H✐♦✉K ❛KK✐❣♥♠❡♥H ♦❢ ❣❡♥❡ ♦MH❤♦❧♦❣② ✐K ✐♥❞✐K♣❡♥K❛❜❧❡ ✇❤❡♥ ✉K✐♥❣ ❊❙❚K ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ❛♥❛❧②K❡K
✭❍✉❣❤❡K ❡H ❛❧✳✱ ✷✵✵✻✮✳ ❍❛▼❙H❘ ✭❊❜❡MK❜❡M❣❡M ❡H ❛❧✳✱ ✷✵✵✾✮ ✐♠♣❧❡♠❡♥HK H❤❡ ❞❛H❛❜❛K❡ ■♥❛M❛♥♦✐❞
✭❘❡♠♠ ❡H ❛❧✳✱ ✷✵✵✶❀ ❇❡M❣❧✉♥❞ ❡H ❛❧✳✱ ✷✵✵✽✮✱ K✐♠✐❧❛M H♦ H❤❡ ♣M♦❝❡❞✉M❡ ✐♥HM♦❞✉❝❡❞ ❜② ❈❤❡♥ ❡H ❛❧✳ ✭✷✵✵✼✮✳
❚❤❡ ✉K❡ ♦❢ HM❛✐♥❡❞ ♣M♦✜❧❡ ❍✐❞❞❡♥ ▼❛M❦♦✈ ▼♦❞❡❧K ✇✐H❤ ❛ M❡❝✐♣M♦❝❛❧ ❇▲❆❙❚ ❢♦M ♦MH❤♦❧♦❣② ❛KK✐❣♥♠❡♥H
K❡❡♠K ♠♦M❡ ❝♦♥K❡M✈❛H✐✈❡ H❤❛♥ ♦H❤❡M✱ ♠♦M❡ K✐♠♣❧❡ M❡❝✐♣M♦❝❛❧ ❇▲❆❙❚ ♣M♦❝❡❞✉M❡K✳ ❚❤❡M❡❢♦M❡✱ H❤❡
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❧♦✇ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✳ ❈♦♠♣❛M✐♥❣ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K ♦❢ ▼❆❘❊ ✇✐H❤ ❝✉MM❡♥H❧② ✉K❡❞
✬H❤M❡K❤♦❧❞ K❡❧❡❝H✐♦♥✬ ♦❢ ❣❡♥❡K ❛♥❞ H❛①❛ ❢M♦♠ ❛ M❛✇ ♠❛HM✐① ✭K❡❡ ❡✳❣✳ ❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽✮ ✇♦✉❧❞ ❜❡ ✉K❡❢✉❧✳
❆♥♦H❤❡M ✐❞❡❛ ✐K ❛ ❝♦♠♣❛M✐K♦♥ ♦❢ M❡❞✉❝✐♥❣ ❞❛H❛ ♠❛HM✐❝❡K ❜❛K❡❞ ♦♥ ♣M❡K❡♥❝❡|❛❜K❡♥❝❡ ✐♥❢♦M♠❛H✐♦♥ ♦♥❧②
✇✐H❤ K✉❜K❡Q✉❡♥H HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ H♦ ❡✈❛❧✉❛H❡ ❛ ♣♦KK✐❜❧❡ ✐♥✢✉❡♥❝❡ ♦❢ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✳ ❆ M❡❞✉❝✲
H✐♦♥ ❜❛K❡❞ ♦♥ ♣M❡K❡♥❝❡|❛❜K❡♥❝❡ ✐♥❢♦M♠❛H✐♦♥ K❤♦✉❧❞ ❧❡❛❞ H♦ ♠✉❝❤ ❧❛M❣❡M ❞❛H❛ ♠❛HM✐❝❡K ✇✐H❤ ❛ ❧♦✇❡M H♦H❛❧
❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✳ ▼❡②❡M ✭✷✵✵✾✮ K✉❣❣❡KHK ❢M♦♠ K✐♠✉❧❛H✐♦♥ KH✉❞✐❡K H❤❛H M❡❞✉❝H✐♦♥ M❡❧②✐♥❣
♦♥ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H❡❞ ❞❛H❛ ♠❛HM✐❝❡K ♣M♦✈✐❞❡K ❡Q✉❛❧ ♦M ♠♦M❡ ❛❝❝✉M❛H❡ HM❡❡K
H❤❛♥ ✉♥M❡❞✉❝❡❞ ❞❛H❛ ♠❛HM✐❝❡K ✇✐H❤ K♣❛MK❡ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H②✳ ■H ✐K ✉♥❝❧❡❛M✱ ✐♥ ✇❤✐❝❤ ✇❛② H❤❡ ❞✐KHM✐❜✉H✐♦♥
♦❢ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ❛♥❞ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛✛❡❝H ❡❛❝❤ ♦H❤❡M ❞✉M✐♥❣ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳ ✐❡♥K ❛♥❞
▼♦❡♥ ✭✷✵✵✽✮ ❛M❣✉❡ H❤❛H ♠✐KK✐♥❣ ❞❛H❛ ✇✐❧❧ ♥♦H ❜❡ ❛ ♣M♦❜❧❡♠ ✐❢ H❤❡M❡ ✐K ❡♥♦✉❣❤ ✐♥❢♦M♠❛H✐♦♥ ❢♦M ❛✈❛✐❧❛❜❧❡
❞❛H❛✳ ■H M❡♠❛✐♥K ✉♥❝❧❡❛M ✇❤❛H ✏❡♥♦✉❣❤ ✐♥❢♦M♠❛H✐♦♥✑ ♠❡❛♥K✳ ❚❤✐K ♠✐❣❤H ❜❡ ❤✐❣❤❧② ❞❡♣❡♥❞❡♥H ♦♥ H❤❡
❞❛H❛ K❡H ❛♥❞ H❤❡ H❛①♦♥♦♠✐❝ ❣M♦✉♣ ♦❢ ✐♥H❡M❡KH✳ ❚❤✉K✱ H❤❡M❡ ✐K ❛ M✐K❦ H❤❛H ❝❤♦K❡♥ ❝M✐H❡M✐❛ ❛M❡ ❜✐❛K❡❞ ❜②
♣M❡❢❡MM❡❞ H♦♣♦❧♦❣✐❝❛❧ ❤②♣♦H❤❡K❡K✳ ❚❤❡ KHM❛H❡❣② H♦ K❡❧❡❝H H❛①❛ ❛♥❞ ❣❡♥❡K ✇✐H❤ ▼❆❘❊ ✐K ❝♦♥✈❡♥✐❡♥H✱
❝♦♠♣M❡❤❡♥K✐❜❧❡ ❛♥❞ ❤❛K ❜❡❡♥ K✉❝❝❡KK❢✉❧ ❢♦M ♣M❡K❡♥H ❞❛H❛ K❡HK✳ ▼❆❘❊ ✐♠♣❧✐❡K ♠❛♥② ♣♦KK✐❜✐❧✐H✐❡K H♦
❡①♣❧♦✐H ♣M♦✈✐❞❡❞ ✐♥❢♦M♠❛H✐♦♥✳ K✐♥❣ ▼❆❘❊ ♠❛② ✐♠♣❡❞❡ K②KH❡♠❛H✐❝ ❡MM♦MK ❝❛✉K❡❞ ❜② ❛❝❝✉♠✉❧❛H❡❞ ❞❛H❛
✻✽ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
H❤❛H ♣M♦✈✐❞❡ ♥♦ ✐♥❢♦M♠❛H✐♦♥✳ ❆ ❞♦♠✐♥❛♥❝❡ ♦❢ ✉♥✐♥❢♦M♠❛H✐✈❡♥❡KK ❛♥❞ ♥♦✐K❡ ✐♥ ❛ ❞❛H❛ K❡H ❡♥H❛✐❧K H❤❡
M✐K❦ ♦❢ ❛ K♣❧✐H M❡K♦❧✉H✐♦♥ ❜② ❝❤❛♥❝❡ ✇✐H❤ ❡MM♦♥❡♦✉K❧② ❤✐❣❤ ♥♦❞❡ K✉♣♣♦MH ✈❛❧✉❡K ✭K❡❡ ❛❧K♦ ▲❡♠♠♦♥ ❡H ❛❧✳✱
✷✵✵✾✮✳
❊①M❡♥❞❡❞✱ ✇❡✐❣❤M❡❞ ❣❡♦♠❡MO② Q✉❛OM❡M ♠❛♣♣✐♥❣
❈♦♠♣❛M❡❞ H♦ ❧✐❦❡❧✐❤♦♦❞ Q✉❛MH❡H ♠❛♣♣✐♥❣ ✭▲▼✮✱ ❡①H❡♥❞❡❞ ❣❡♦♠❡HM② Q✉❛MH❡H ♠❛♣♣✐♥❣ ✭❡●▼✮ ✐K ❛ ❝♦♥K❡M✲
✈❛H✐✈❡ ❛♣♣M♦❛❝❤✳ ▲▼ ❝❛♥ ♦✈❡M❡KH✐♠❛H❡ K✐❣♥❛❧✱ ❛♥❞ ✐H ✇❛K K✐❣♥✐✜❝❛♥H❧② K❤♦✇♥ H❤❛H ❛♣♣❛M❡♥H❧② M❡K♦❧✈❡❞
Q✉❛MH❡H HM❡❡K ❛❝H✉❛❧❧② ❛M❡ KH❛M✲❧✐❦❡ ✭◆✐❡K❡❧H✲❙HM✉✇❡✱ ✶✾✾✼❀ ◆✐❡K❡❧H✲❙HM✉✇❡ ❛♥❞ ✈♦♥ ❍❛❡K❡❧❡M✱ ✷✵✵✶✮✳ ❖♥
H❤❡ ♦H❤❡M ❤❛♥❞✱ ❡●▼ ♠✐❣❤H ❜❡ H♦♦ ❝♦♥K❡M✈❛H✐✈❡ H♦ ❞❡H❡❝H ❧♦✇ K✐❣♥❛❧ ✭◆✐❡K❡❧H✲❙HM✉✇❡ ❛♥❞ ✈♦♥ ❍❛❡K❡❧❡M✱
✷✵✵✶✮✳ ❖H❤❡M KHM❛H❡❣✐❡K ❢♦M ♠❡❛K✉M✐♥❣ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛M❡ ✇♦H❤ H♦ H❛❦❡ ✐♥H♦ ❛❝❝♦✉♥H✱ ❢♦M ❡①❛♠♣❧❡
✐♥✈❛M✐❛♥H H❡❝❤♥✐Q✉❡K ✭❆❧❧♠❛♥ ❛♥❞ ❘❤♦❞❡K✱ ✷✵✵✼❀ ❈❛K❛♥❡❧❧❛K ❛♥❞ ❋❡M♥}♥❞❡③✲❙}♥❝❤❡③✱ ✷✵✵✼✮✳
■♥❢♦O♠❛M✐♦♥ ❝♦♥M❡♥M ♦❢ ❣❡♥❡N ❛♥❞ ❞❛M❛ ♠❛MO✐❝❡N
❍✐❣❤ N❝♦O❡N ♦❢ ✐♥❢♦O♠❛M✐♦♥ ❝♦♥M❡♥M✳ ■♥ ▼❆❘❊✱ ❛ ❤✐❣❤ K❝♦M❡ ♦❢ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✐♥ ❛ K✐♥❣❧❡ ❣❡♥❡
✭♣❛MH✐H✐♦♥✮ ✐K ❞❡M✐❡❞ ❢M♦♠ H❤❡ ♥✉♠❜❡M ♦❢ ✭♣❛MH✐❛❧❧②✮ M❡K♦❧✈❡❞ Q✉❛MH❡HK ♦❜H❛✐♥❡❞ ✈✐❛ ❡●▼✳ ❆❧H❤♦✉❣❤
H❤❡ K❝♦M❡ ✐K ❤✐❣❤✱ K✐♥❣❧❡ Q✉❛MH❡HK ❝❛♥ K✉♣♣♦MH ❞✐✛❡M❡♥H H♦♣♦❧♦❣✐❡K✳ ❚❤✐K ♠❛② ❜❡ ♣M♦❜❧❡♠❛H✐❝ ✐♥ HM❡❡
M❡❝♦♥KHM✉❝H✐♦♥✳ ❋✉MH❤❡M♠♦M❡✱ ❣❡♥❡K H❤❛H ❤❛✈❡ ❛ ❤✐❣❤ K❝♦M❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H✱ ❜✉H ❢♦M ❡①❛♠♣❧❡ ❝♦❞❡
❢♦M ♣M♦H❡✐♥K ✐♥✈♦❧✈❡❞ ✐♥ ❞✐✛❡M❡♥H ♣❛H❤✇❛②K✱ ❞♦ ♥♦H ♥❡❝❡KK❛M✐❧② K✉♣♣♦MH ❛♥ ✐❞❡♥H✐❝❛❧ ♦M K✐♠✐❧❛M H♦♣♦❧♦❣②✳
❚❤✉K✱ ❛ ❤✐❣❤ K❝♦M❡ ♦❢ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ H❤❡ ♠❛HM✐① ❞♦❡K ♥♦H ♥❡❝❡KK❛M✐❧② ❧❡❛❞ H♦
❝♦♠♣❧❡H❡❧② M❡K♦❧✈❡❞ HM❡❡K✳ ◆❡✈❡MH❤❡❧❡KK✱ ❛K ✜MKH ❝M✉❝✐❛❧ KH❡♣ ▼❆❘❊ ❝✉MM❡♥H❧② K❡♣❛M❛H❡K K✐❣♥❛❧ ❢M♦♠
♥♦♥✲K✐❣♥❛❧ ✭K❡❡ ❋✐❣✳ ✷✳✷✮✳ ▼❆❘❊ ❝♦✉❧❞ ❜❡ ❡❛K✐❧② ❡①H❡♥❞❡❞ ✐♥ ❛ ✇❛② H❤❛H K✐♥❣❧❡ Q✉❛MH❡HK ✐♥ ❣❡♥❡K
❛♥❞ ✐♥ H❤❡ ❞❛H❛ ♠❛HM✐① ❝❛♥ ❜❡ ❛♥❛❧②③❡❞✳ ❚❤✐K ❝♦✉❧❞ ❜❡ ❛ ✜MKH KH❡♣ H♦ ✉♥❞❡MKH❛♥❞ ♣♦KK✐❜❧❡ ✐♥H❡M❛❝H✐♦♥
♦❢ ❣❡♥❡K✳ ❆♥♦H❤❡M ♣♦KK✐❜✐❧✐H② ✐K H❤❡ M❡✜♥❡♠❡♥H H♦ M❡KHM✐❝H H❤❡ ❝❤♦✐❝❡ ♦❢ H❛①❛ ❢♦M ❡✈❡M② Q✉❛MH❡H H♦
♣M❡❞❡✜♥❡❞ ❣M♦✉♣K ♦❢ ✐♥H❡M❡KH ✭❤②♣♦H❤❡K✐K✲❞M✐✈❡♥ Q✉❛MH❡H ♠❛♣♣✐♥❣✮✳
❉❡M❡❝M❡❞ N✐❣♥❛❧ ❛♥❞ ❣❡♥✉✐♥❡ ♣❤②❧♦❣❡♥❡M✐❝ N✐❣♥❛❧✳ ❍✐❣❤ M❡❧❛H✐✈❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✐K ♥♦H ♥❡❝❡KK❛M✐❧②
❝♦♥❣M✉❡♥H H♦ ♣❤②❧♦❣❡♥❡H✐❝ K✐❣♥❛❧✳ ❙✐♥❝❡ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ❛♥❞ K✐❣♥❛❧ ♠✐❣❤H ♥♦H ❜❡ ❝♦MM❡❧❛H❡❞✱ ✐❢ ♠❛♥②
❣❡♥❡K ❛M❡ ✉♥✐♥❢♦M♠❛H✐✈❡✱ ❢♦❝✉K✐♥❣ ♦♥ ❞❛H❛ ♣M❡K❡♥❝❡ ✇✐❧❧ ♥♦H ❢✉❧❧② ✉K❡ H❤❡ ♣♦H❡♥H✐❛❧ ♦❢ K✉♣❡M♠❛HM✐①
♣M❡♣M♦❝❡KK✐♥❣✳ ■♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❣❡♥❡K ✐♥ ❛ ♣❤②❧♦❣❡♥♦♠✐❝ K❝❛❧❡ ❤❛K ♥♦H ❜❡❡♥ ❝♦♥K✐❞❡M❡❞ ❜❡❢♦M❡
✇✐H❤ M❡K♣❡❝H H♦ H❛①❛ ❛♥❞ ❣❡♥❡ K❡❧❡❝H✐♦♥✳
❘❡❞✉❝M✐♦♥ ❤❡✉O✐NM✐❝N ❛❧❣♦O✐M❤♠
❚❤❡ ♦♣H✐♠❛❧✐H② ❢✉♥❝H✐♦♥ ❝✉MM❡♥H❧② ✐♠♣❧❡♠❡♥H❡❞ ✐♥ ▼❆❘❊ ✉K❡K ❛ ❤✐❧❧ ❝❧✐♠❜✐♥❣ ❛❧❣♦M✐H❤♠ ✭K❡❝H✐♦♥ ✷✳✶✳✹✮✳
■♥ H❤❡ ♣M❡✲❛❧♣❤❛✲✈❡MK✐♦♥✱ H❤❡ ♦✈❡M❧❛♣ ♦❢ ❣❡♥❡K ❜❡H✇❡❡♥ H❛①❛ ✐K ❣✉❛M❛♥H❡❡❞ ❢♦M H✇♦ ❣❡♥❡K✳ ❆❝❝♦M❞✐♥❣ H♦
❙H❡❡❧ ❛♥❞ ❙❛♥❞❡MK♦♥ ✭✷✵✶✵✮✱ ❣❡♥❡ ♦✈❡M❧❛♣ K❤♦✉❧❞ ❜❡ M❛✐K❡❞ H♦ H❤M❡❡ ❣❡♥❡K✳ ❆♥ ♠✐♥✐♠✉♠ ♦✈❡M❧❛♣ ♦❢
♥✉❝❧❡♦H✐❞❡ ♣♦K✐H✐♦♥K ♠❛② ❜❡ ✇♦MH❤ H♦ ❝♦♥K✐❞❡M✳ ❆♥♦H❤❡M ✐❞❡❛ ✐K H♦ ❞❡✜♥❡ ❛ ❝♦M❡ K❡H ♦❢ H❛①❛ ♦❢ ✐♥H❡M❡KH
❛♥❞ H♦ K❡❛M❝❤ ❢♦M ♠❛①✐♠❛❧ ✭Q✉❛K✐✲✮❜✐❝❧✐Q✉❡K ✭❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ▲✐ ❡H ❛❧✳✱ ✷✵✵✽❜✮✳ ❆❢H❡M✇❛M❞K✱ H❤❡ H❛①♦♥
K❡H ❝♦✉❧❞ ❜❡ ❡①♣❛♥❞❡❞ ✐♥ H❤❡ K❛♠❡ ✇❛②✳ ❚❤❡M❡❜②✱ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ K✐♥❣❧❡ ❣❡♥❡K K❤♦✉❧❞ ❜❡ H❛❦❡♥
✐♥H♦ ❛❝❝♦✉♥H H♦✇❛M❞K ❛ ✏✇❡✐❣❤H❡❞✑ Q✉❛K✐✲❜✐❝❧✐Q✉❡ ❛♣♣M♦❛❝❤✳ ❚❤✐K ♠✐❣❤H ❣❡♥❡M❛H❡ ❛ ♠♦M❡ ❜❛❧❛♥❝❡❞
K✉❜♠❛HM✐①✱ ✐❢ H❤❡ ❞❛H❛ K❡H ✐K ❡①HM❡♠❡❧② ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H❡❞✳ ❚❤✐K ✐K H❤❡ ❝❛K❡✱ ✐❢ ❡✳❣✳ ❞❛H❛ ♠❛HM✐❝❡K
✐♥❝❧✉❞❡ ♠❛♥② ♣M♦H❡♦♠❡ K♣❡❝✐❡K ✭K❡❡ ❡✳❣✳ ❉M✐K❦❡❧❧ ❡H ❛❧✳✱ ✷✵✵✹✮✳
❉✐NMO✐❜✉M✐♦♥ ♦❢ ❞❛M❛ ❛♥❞ ♦❢ ❤❡M❡O♦❣❡♥❡♦✉N ✐♥❢♦O♠❛M✐♦♥ ❝♦♥M❡♥M ♦❢ ❣❡♥❡N
❚❤❡ ❞❛H❛ K❡H ♦❢ ❉✉♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ✇❛K ❡✈❛❧✉❛H❡❞ ✇✐H❤ ▼❆❘❊✳ ❙❖❙ ✇❡M❡ K❡❧❡❝H❡❞ ✇✐H❤ ❞✐✛❡M❡♥H
K❡HH✐♥❣K ❛♥❞ K✉❜K❡Q✉❡♥H❧② HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ✇❛K ❝♦♥❞✉❝H❡❞ H♦ ❡①❛♠✐♥❡ ♣❡M❢♦M♠❛♥❝❡ ♦❢ ▼❆❘❊ ✇✐H❤
M❡K♣❡❝H H♦ ♥♦♥ ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H❡❞ ❞❛H❛✳ ❚❤❡ ❞❛H❛ K❡H ♦❢ ❉✉♥♥ K❤♦✇K ❧♦✇ K✐❣♥❛❧ ❢♦M ♠♦KH ❣❡♥❡K ❛♥❞
✷✳✹✳ ❉✐K❝✉KK✐♦♥ ✻✾
❧♦✇ ❤❡H❡M♦❣❡♥❡✐H② ❛♠♦♥❣ H❤❡♠ ✭❋✐❣✳ ✷✳✶✺✮✳ ❚❤❡ ❞✐KHM✐❜✉H✐♦♥ ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❛H❛ ✐K ●❛✉KK✐❛♥✲❧✐❦❡ ✇✐H❤
❝❛✳ ✺✵✪ ♠❛HM✐① K❛H✉M❛H✐♦♥✳ ❡ ❤❛✈❡ H♦ ❦❡❡♣ ✐♥ ♠✐♥❞ H❤❛H ♣M♦✈✐❞❡❞ ❞❛H❛ ✇❡M❡ ❛❧M❡❛❞② ♣M❡K❡❧❡❝H❡❞
❜② H❤❡ ❛✉H❤♦MK✳ ■♥ ♣M❡K❡♥H M❡❛♥❛❧②K✐K✱ H❤✐K ♣M❡K❡❧❡❝H❡❞ ❞❛H❛ ♠❛HM✐① ❤❛K ❜❡❡♥ HM❡❛H❡❞ ❛K ✉♥M❡❞✉❝❡❞
❜❡❝❛✉K❡ H❤❡ ♦M✐❣✐♥❛❧ ❞❛H❛ ♠❛HM✐① ✇❛K ♥♦H ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❛ M❡Q✉❡KH H♦ H❤❡ ❛✉H❤♦MK M❡♠❛✐♥❡❞ ✉♥❛♥K✇❡M❡❞✳
❚❤❡ ✉♥M❡❞✉❝❡❞ ❞❛H❛ ♠❛HM✐① ❛♣♣❛M❡♥H❧② ✐K K✉✣❝✐❡♥H H♦ M❡❝♦♥KHM✉❝H ❛ M❡K♦❧✈❡❞ HM❡❡✳ ◆❡✈❡MH❤❡❧❡KK✱ H❤❡
M❡K♦❧✉H✐♦♥ ❛♥❞ ♥♦❞❡ K✉♣♣♦MH ✐K ❛KH♦♥✐K❤✐♥❣ ✐♥ ✈✐❡✇ ♦❢ H♦ H❤❡ ❧♦✇ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H
❛♥❞ ❧♦✇ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ K✐♥❣❧❡ ❣❡♥❡K✳ ■♥ ❜♦H❤ ❙❖❙✱ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ✇❛K
✐♥❝M❡❛K❡❞ H✇✐❝❡ ✭K❡❝H✐♦♥ ✷✳✸✳✶✮✱ ❜✉H ❛ K❡❧❡❝H✐♦♥ ♦❢ K✉❜K❡HK ✇❛K ♥♦H ✬K✉❝❝❡KK❢✉❧✬ ✇✐H❤ M❡K♣❡❝H H♦ HM❡❡
M❡❝♦♥KHM✉❝H✐♦♥✳ ❆♥② M❡♠♦✈❛❧ ♦❢ H❛①❛ ❛♥❞ ❣❡♥❡K ❤✐❣❤❧② ❛✛❡❝H❡❞ H❤❡ ❞❛H❛ K❡H H♦✇❛M❞K ❧♦✇❡M HM❡❡ M❡K✲
♦❧✉H✐♦♥✳ ❆♥②✇❛②✱ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ♦❢ ❜♦H❤ ❙❖❙ ✭✄ ✵✳✹✮ K❤♦✉❧❞ ❜❡ K✉✣❝✐❡♥H ❢♦M
M❡❝♦♥KHM✉❝H✐♥❣ ❛ M♦❜✉KH HM❡❡✳ ❘❡❛K♦♥K ❢♦M ✉♥M❡K♦❧✈❡❞ H♦♣♦❧♦❣✐❡K ❝♦✉❧❞ ❜❡✿ ✐✮ ❘❡❞✉❝H✐♦♥ ♦❢ ❉✉♥♥K
❞❛H❛ K❡H ✐K ♥♦H ✉K❡❢✉❧ ❜❡❝❛✉K❡ ❞❛H❛ ❛M❡ ♥❡❛M❧② ●❛✉KK✐❛♥ ❞✐KHM✐❜✉H❡❞ ❛♥❞ H❤❡ H♦H❛❧ ❛✈❡M❛❣❡ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H ❛♥❞ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ K✐❣♥❛❧ ❛♠♦♥❣ ❣❡♥❡K ✐K ❧♦✇ ✭❋✐❣✳ ✷✳✶✺✮✳ ❘❡❞✉❝H✐♦♥ ❤❛K ❛♥ ♥❡❣❛H✐✈❡ ❡✛❡❝H
♦♥ H❤❡ HM❡❡ M❡K♦❧✉H✐♦♥✳ ✐✐✮ ❚❤❡M❡ ✐K ♥♦H ♠✉❝❤ K✐❣♥❛❧ ✐♥ ❉✉♥♥K ❞❛H❛ K❡H ❛♥❞ ♥♦❞❡K K❤♦✇ ♣❛MH✐❝✉❧❛M❧②
❡MM♦♥❡♦✉K❧② ❤✐❣❤ K✉♣♣♦MH ❝❛✉K❡❞ ❜② ♥♦✐K❡✳ ❉✉♥♥K ❞❛H❛ K❡H ♠✐❣❤H ❜❡ ❤✐❣❤❧② ✉♥KH❛❜❧❡ ❛❝❝♦M❞✐♥❣ H♦
❞✐✛❡M❡♥H HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K✳ ❆ ♣♦KK✐❜❧❡ ✇❛② H♦ ❡✈❛❧✉❛H❡ M❡❛K♦♥K ✐K ❛♥ ♦♣H✐♦♥❛❧ ✐♠♣❧❡♠❡♥✲
H❛H✐♦♥ ♦❢ ❤②♣♦H❤❡K✐K✲❜❛K❡❞ Q✉❛MH❡H ♠❛♣♣✐♥❣ ✐♥ ▼❆❘❊ ❛♥❞ KH✉❞②✐♥❣ K✐♥❣❧❡ Q✉❛MH❡HK ❢♦M ♣❛MH✐❝✉❧❛M ❝❧❛❞❡K✳
■♥ K✉♠♠❛M②✱ ▼❆❘❊ ✐K ❛♣♣M♦♣M✐❛H❡ H♦ ❡✈❛❧✉❛H❡ K✐❣♥❛❧ ♦❢ ❣❡♥❡K ❛♥❞ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ K✐❣♥❛❧ ❛♠♦♥❣
❣❡♥❡K ❢♦M M❡K♣❡❝H✐✈❡ H❛①❛✳ ▼❆❘❊ ❡①♣♦K❡K ♣M♦❜❧❡♠K ✇✐H❤✐♥ ❞❛H❛ K❡HK✱ ❛♥❞ H❤❡ ✐♠♣❧❡♠❡♥H❡❞ M❡❞✉❝H✐♦♥
❤❡✉M✐KH✐❝K ✐K ❛♣♣M♦♣M✐❛H❡ ❢♦M ❞❛H❛ ♠❛HM✐❝❡K ✇✐H❤ ♣♦✇❡M✲❧❛✇ ❞✐KHM✐❜✉H❡❞ ❞❛H❛ ❛♥❞ ✭❤✐❣❤✮ K✐❣♥❛❧ ❤❡H❡M♦✲
❣❡♥❡✐H② ❛♠♦♥❣ ❣❡♥❡K ✇❤✐❝❤ ❝♦MM❡K♣♦♥❞K H♦ ♠♦KH M❡❛❧ ✇♦M❧❞ ❞❛H❛ K❡HK✳ ❙♦♠❡ ✐KK✉❡K ♦❢ ▼❆❘❊ K❤♦✉❧❞
❜❡ ❡①♣❛♥❞❡❞ ❛♥❞ M❡✜♥❡❞✳
♥❜❛❧❛♥❝❡❞ L❛①♦♥ N❛♠♣❧✐♥❣ ❛♥❞ ♣♦NN✐❜❧❡ ✐♠♣❛❝L ♦♥ ❞❡❡♣ N♣❧✐LN
❖♥❡ ❛✐♠ ♦❢ H❤❡ ♣M❡K❡♥H KH✉❞② ✇❛K H♦ ✐♥❝❧✉❞❡ ❛❧❧ ❛✈❛✐❧❛❜❧❡ ❡✉❛MH❤M♦♣♦❞ ❊❙❚ ❞❛H❛ H♦ ❛✈♦✐❞ ❧♦♥❣ ❜M❛♥❝❤
❛HHM❛❝H✐♦♥ ✭❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✺❝❀ ❇❛✉M❛✐♥ ❡H ❛❧✳✱ ✷✵✵✼❀ ❇M✐♥❦♠❛♥♥ ❛♥❞ ❤✐❧✐♣♣❡✱ ✷✵✵✽✮✳ ▲✐ ❡H ❛❧✳
✭✷✵✵✽❛✮ ♣♦✐♥H❡❞ ♦✉H H❤❛H ♠♦M❡ H❛①❛ ❛M❡ ♥♦H ♥❡❝❡KK❛M✐❧② ❜❡HH❡M ❢♦M M❡❝♦♥KHM✉❝H✐♦♥ ♦❢ ❛♥❝❡KHM❛❧ ❝❤❛M✲
❛❝H❡M KH❛H❡K ✭K❡❡ ❛❧K♦ ❇M✐♥❦♠❛♥♥ ❛♥❞ ❤✐❧✐♣♣❡✱ ✷✵✵✽❀ ❍❡❛H❤ ❡H ❛❧✳✱ ✷✵✵✽❛✱❜✮✳ ❚❤❡M❡❢♦M❡✱ ❛ ❝❛✉H✐♦✉K
❡✈❛❧✉❛H✐♦♥ ♦❢ ♣✉H❛H✐✈❡ K✐❣♥❛❧ ✐K ❝M✉❝✐❛❧✳ ❆ ❢✉MH❤❡M KH❡♣ ✐K H❤❡ ❡①❛♠✐♥❛H✐♦♥ ♦❢ ♣M♦✈✐❞❡❞ K✐❣♥❛❧ ❛❞❞M❡KK✐♥❣
❡✳❣✳ M❛♥❞♦♠♥❡KK ♦M ❤♦♠♦♣❧❛K✐❡K✳
❚❤❡ ❛MH❤M♦♣♦❞ ❞❛H❛ K❡HK ♦❢ H❤✐K KH✉❞② ♣M❡❞♦♠✐♥❛♥H❧② ✐♥❝❧✉❞❡ ❤❡①❛♣♦❞K ❛♥❞ ❝M✉KH❛❝❡❛♥K✳ ❚❤❡M❡❢♦M❡✱
♠②M✐❛♣♦❞K ❛M❡ ✉♥❞❡M✲K❛♠♣❧❡❞✱ ❜✉H ✉♥❢♦MH✉♥❛H❡❧②✱ ♥♦ ❛❞❞✐H✐♦♥❛❧ ♠②M✐❛♣♦❞ ❊❙❚ ❞❛H❛ ❛M❡ ❛✈❛✐❧❛❜❧❡✳ ❚❤✐K
♠✐❣❤H ✐♥✢✉❡♥❝❡ H❤❡ K❡❧❡❝H✐♦♥ ♦❢ ❛♥ ♦♣H✐♠❛❧ K✉❜K❡H✱ ✐❢ H❤❡ K❡❧❡❝H✐♦♥ ✐K K❤✐❢H❡❞ H♦✇❛M❞K ❣❡♥❡K H❤❛H
M❡K♦❧✈❡ ♠❛✐♥❧② ♣❛♥❝M✉KH❛❝❡❛♥ M❡❧❛H✐♦♥K❤✐♣K✳ ■❢ ♠♦M❡ ♣❛♥❝M✉KH❛❝❡❛♥ ❞❛H❛ ❛M❡ ❛✈❛✐❧❛❜❧❡✱ H❤❡ ♥✉♠❜❡M ♦❢
♣♦KK✐❜❧❡ ✭♣❛MH✐❛❧❧②✮ M❡K♦❧✈❡❞ Q✉❛MH❡HK ✐K ❤✐❣❤❡M H❤❛♥ ❡✳❣✳ ❢♦M ♠②M✐❛♣♦❞K✳ ❚❤❡♥✱ H❤❡ ♣M♦❜❛❜✐❧✐H② H♦ ❞❡H❡❝H
♠♦M❡ K✐❣♥❛❧ ❢♦M ❛ ♣❛♥❝M✉KH❛❝❡❛♥ ❝❧❛❞❡ ♠✐❣❤H ❜❡ ❤✐❣❤❡M✳ ❤❡H❤❡M ❛ H❛①♦♥ K❛♠♣❧✐♥❣ ✇✐H❤ ❡♠♣❤❛K✐K ♦♥
♣❛♥❝M✉KH❛❝❡❛♥ ❞❛H❛ ✐♥❞❡❡❞ ✐♥✢✉❡♥❝❡K HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ❝♦✉❧❞ ❜❡ ❡❛K✐❧② H❡KH❡❞ ❜② ❛♥ ❤②♣♦H❤❡K✐③❡❞
❡①H❡♥❞❡❞ ❣❡♦♠❡HM② Q✉❛MH❡H ♠❛♣♣✐♥❣ ✭❡●▼✮✳
❇❛②❡N✐❛♥ ❛♥❛❧②N❡N ♦❢ L❤❡ N❡❧❡❝L❡❞ ♦♣L✐♠❛❧ ❛PL❤P♦♣♦❞ N✉❜N❡L
❇❛②❡K✐❛♥ ❛♥❛❧②K❡K ♦❢ H❤❡ ❙❖❙ ♦❢ ❆:✶ K❤♦✇❡❞ H♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❛♥❞ K✉♣♣♦MH ❢♦M K❡❧❡❝H❡❞ ❝❧❛❞❡K
✐♥ HM❡❡K ❞❡M✐✈❡❞ ❢M♦♠ K✐♥❣❧❡ ❤②❧♦❇❛②❡K ❝❤❛✐♥K ✭K❡❝H✐♦♥ ✷✳✸✳✸✱ ❋✐❣✳ ✷✳✷✷ ❛♥❞ ❚❛❜✳ ✷✳✽✮✳ ❆ ❝❤❡❝❦
✼✵ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
♦❢ ❝♦♥✈❡M❣❡♥❝❡ ❜❡H✇❡❡♥ ❝❤❛✐♥K ✇✐H❤ H❤❡ ♠❛①❞✐✛ H♦♦❧ ✐K M❡❝♦♠♠❡♥❞❡❞ ❜② H❤❡ ❛✉H❤♦MK ♦❢ ❤②❧♦❇❛②❡K
✭▲❛MH✐❧❧♦H ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❆ ❝❤❛✐♥ ✇❤✐❝❤ ❞♦❡K ♥♦H ❝♦♥✈❡M❣❡ ✇✐H❤ ♦H❤❡M ❝❤❛✐♥K ♠❛② ❜❡ HM❛♣♣❡❞ ✇✐H❤✐♥ ❛
❧♦❝❛❧ ♦♣H✐♠✉♠✳ ■♥ H❤✐K ❝❛K❡✱ ✐H M❡♠❛✐♥K ✉♥❝❧❡❛M ✐♥ ✇❤✐❝❤ ✇❛② ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ✈❛❧✉❡K K❤❛❧❧ ❜❡ ❛KK❡KK❡❞✳
❚❤❡ ♣M♦❣M❛♠ ❧❛❝❦K ❡①♣❧❛♥❛H✐♦♥K ❢♦M ❤❛♥❞❧✐♥❣ ❝❤❛✐♥ ❝♦♥✈❡M❣❡♥❝❡ ✇✐H❤ M❡K♣❡❝H H♦ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ✈❛❧✉❡K✳
❚❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H K❤♦✇K ♥♦ ❝♦♥✈❡M❣❡♥❝❡ ✇❤❡♥ ❝♦♥K✐❞❡M✐♥❣ ❛❧❧ ❝❤❛✐♥K ✭♠❛①❞✐✛ ❂ ✶✱ ❚❛❜✳ ✷✳✽✮✳ ❚❤❡
❛✉H❤♦MK ♦❢ ❤②❧♦❇❡❛②❡K M❡❝♦♠♠❡♥❞ ❛H ❧❡❛KH ❛ ♠❛①❞✐✛ ✲✈❛❧✉❡ ♦❢ <✵✳✸ ✭▲❛MH✐❧❧♦H ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❈❤❛✐♥K
✇✐H❤ H❤❡ ❜❡KH ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ ✈❛❧✉❡K ✇❤✐❝❤ ❝♦♥❝✉MM❡♥H❧② ❝♦♥✈❡M❣❡❞ ✭♠❛①❞✐✛ < ✵✳✸✮ ✇❡M❡ ❝❤♦K❡♥ ❢♦M H❤❡
♠❛❥♦M✐H② M✉❧❡ ❝♦♥K❡♥K✉K ✭♠M❝✮ HM❡❡✳ ❋♦M H❤❡ ♣M❡K❡♥H KH✉❞②✱ H❤✐K ✐K ♣M♦♣♦K❡❞ ❛K M❡❛K♦♥❛❜❧❡ ❝♦♠♣M♦♠✐K❡✳
❚❛①❛ ✇✐H❤ ✈❛M✐♦✉K ♣❧❛❝❡♠❡♥HK ❛❝❝♦M❞✐♥❣ H♦ ❞✐✛❡M❡♥H ❝❤❛✐♥K ✭❡✳❣✳ H❤❡ ❜M✐KH❧❡H❛✐❧ ▲❡♣✐N♠❛❝❤✐❧✐N ♦❢
H❤❡ ❝✉MM❡♥H ❞❛H❛ K❡H✮ K❤♦✉❧❞ ❜❡ ❛❞❞✐H✐♦♥❛❧❧② ❛♥❛❧②③❡❞ ✇✐H❤ ♦H❤❡M ❇❛②❡K✐❛♥ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K✳
❑♦❧❛❝③❦♦✇K❦✐ ❛♥❞ ❚❤♦M♥H♦♥ ✭✷✵✵✾✮ K❤♦✇❡❞ H❤❛H ❇❛②❡K✐❛♥ ✐♥❢❡M❡♥❝❡ ✭▼M❇❛②❡K✮ ✐K ❜✐❛K❡❞ ✏✐♥ ❢❛✈♦M ♦❢
H♦♣♦❧♦❣✐❡K H❤❛H ❣M♦✉♣ ❧♦♥❣ ❜M❛♥❝❤❡K H♦❣❡H❤❡M✱ ❡✈❡♥ ✇❤❡♥ H❤❡ HM✉❡ ♠♦❞❡❧ ❛♥❞ ♣M✐♦M ❞✐KHM✐❜✉H✐♦♥K ♦❢
❡✈♦❧✉H✐♦♥❛M② ♣❛M❛♠❡H❡MK ♦✈❡M ❛ ❣M♦✉♣ ♦❢ ♣❤②❧♦❣❡♥✐❡K ❛M❡ ❦♥♦✇♥✑✳ ❚❤✐K K❤♦✉❧❞ ❛❧K♦ ❜❡ H❡KH❡❞ ❢♦M ❤②✲
❧♦❇❛②❡K ❝♦♥K✐❞❡M✐♥❣ H❤❡ ❈❆❚ ♠♦❞❡❧ ✇❤✐❝❤ ✇❛K ♣M♦♣♦K❡❞ H♦ ❤❛♥❞❧❡ H❛①❛ ✇✐H❤ ❧♦♥❣ ❜M❛♥❝❤❡K ♣M♦♣❡M❧②
✭▲❛MH✐❧❧♦H ❛♥❞ ❤✐❧✐♣♣❡✱ ✷✵✵✹❀ ▲❛MH✐❧❧♦H ❡H ❛❧✳✱ ✷✵✵✼✮✳ ▼❛MK❤❛❧❧ ✭✷✵✶✵✮ ❛♥❞ ❇M♦✇♥ ❡H ❛❧✳ ✭✷✵✶✵✮ ❛❞✲
❞M❡KK❡❞ ♣♦KK✐❜❧❡ ✐♥❝♦MM❡❝H ❜M❛♥❝❤ ❧❡♥❣H❤ ❡KH✐♠❛H❡K ✐♥ ❇❛②❡K✐❛♥ ❛♥❛❧②K❡K ✇❤✐❝❤ K❤♦✉❧❞ ❜❡ ❛❧K♦ H❡KH❡❞
❢♦M ❤②❧♦❇❛②❡K✳
■♠♣❛❝L ♦❢ N✐♥❣❧❡ L❛①❛ ❛♥❞ ♣P♦L❡♦♠❡ L❛①❛ ♦♥ N✉❜N❡L N❡❧❡❝L✐♦♥ ❛♥❞ LP❡❡ P❡❝♦♥NLP✉❝L✐♦♥
❊✛❡❝MN ♦❢ ✐♥❝❧✉❞✐♥❣ ❛ N✐♥❣❧❡ M❛①♦♥
❆♥❛❧②K❡K ♦❢ H❤✐K KH✉❞② ❝❧❡❛M❧② K❤♦✇ H❤❛H K✐♥❣❧❡ H❛①❛ ❝❛♥ ❤❛✈❡ ❛ ♠❛KK✐✈❡ ❡✛❡❝H ♦♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳
❚❤❡ ✐♥❝❧✉K✐♦♥ ♦❢ H❤❡ ✈❡❧✈❡H ✇♦M♠ ❊♣✐♣❡O✐♣❛M✉N ❧❡❞ H♦ ✈❡M② ❧✐HH❧❡ ❞✐✛❡M❡♥❝❡K ✐♥ H❛①❛ ❛♥❞ ❣❡♥❡ K❡❧❡❝H✐♦♥
✭❝❢✳ ❙❖❙ ♦❢ ❆:✶ ✇✐H❤♦✉H ❊♣✐♣❡O✐♣❛M✉N ❛♥❞ ❙❖❙ ♦❢ ❆:✷✱ ✐♥❝❧✉❞✐♥❣ ❊♣✐♣❡O✐♣❛M✉N✱ K❡❝H✐♦♥ ✷✳✸✳✶✮✳
❚❤❡ HM❡❡ ✐♥❢❡MM❡❞ ❢M♦♠ H❤❡ ❙❖❙ ♦❢ ❆:✷ ✐♥❝❧✉❞✐♥❣ ❊♣✐♣❡O✐♣❛M✉N K❤♦✇K ❢❡✇✱ ❜✉H ✈❡M② M❡♠❛M❦❛❜❧❡ ❞✐❢✲
❢❡M❡♥❝❡K✳ ❋♦M ❡①❛♠♣❧❡✱ ▼❛♥❞✐❜✉❧❛H❛ ❛M❡ ✐♥❢❡MM❡❞ ✇✐H❤ ♠②M✐❛♣♦❞K ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛♥❝M✉KH❛❝❡❛✱
❛❧H❤♦✉❣❤ ♠❛M❣✐♥❛❧❧② K✉♣♣♦MH❡❞ ✭❋✐❣✳ ✷✳✷✹✮✳ ❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ♠②M✐❛♣♦❞K K❡❡♠K ❤✐❣❤❧② K❡♥K✐H✐✈❡ ❛♥❞
♠❛② ❜❡ ❡❛K✐❧② ✐♥✢✉❡♥❝❡❞ ❜② K✐♥❣❧❡ H❛①❛✱ K✐♥❣❧❡ ❣❡♥❡K ❛♥❞✴♦M M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K✳ ❚❤❡ ✐♥❝❧✉K✐♦♥ ♦❢
❊♣✐♣❡O✐♣❛M✉N ❞♦❡K ♥♦H ✬✐♠♣M♦✈❡✬ H❤❡ HM❡❡ H♦✇❛M❞K HM❡❡ M❡K♦❧✉H✐♦♥✱ ❜✉H ✐H K❤♦✇K ❡✛❡❝HK ♦♥ ❛♣♣❛M❡♥H❧②
K❡♥K✐H✐✈❡ ♥♦❞❡K H❤❛H ❛M❡ ✇♦MH❤ H♦ ✐♥✈❡KH✐❣❛H❡✳
❊①❝❧✉N✐♦♥ ♦❢ ♣O♦M❡♦♠❡ N♣❡❝✐❡N
M♦H❡♦♠❡ H❛①❛ ❤❛✈❡ ❛ KHM♦♥❣ ✐♥✢✉❡♥❝❡ ♦♥ H❛①❛✴❣❡♥❡ K❡❧❡❝H✐♦♥ ✭K❡❡ K❡❝H✐♦♥ ✷✳✸✳✶✮✳ ❆♥ ❡①❝❧✉K✐♦♥ ♦❢
♣M♦H❡♦♠❡ H❛①❛ ❧❡❛❞K H♦ ♠♦M❡ H❛①❛ ✐♥ H❤❡ ❙❖❙ ❢♦M ❛MH❤M♦♣♦❞ ✭❆:✸♦:✮ ❛♥❞ ❡♥❞♦♣H❡M②❣♦H❡ ❞❛H❛ K❡HK
✭❋✐❣K✳ ✷✳✶✷✱✷✳✶✸✱✷✳✶✹✮✳ ❚❤✐K ✐K ❢❛✈♦M❛❜❧❡✱ ✐❢ ❞❛H❛ ♠❛HM✐❝❡K ✐♥❝❧✉❞❡ K♣❡❝✐❡K ♦❢ ✐♥H❡M❡KH✱ ❡✳❣✳ ❛♣H❡M②❣♦H❡
❤❡①❛♣♦❞K✱ ✇❤✐❝❤ ♦♥❧② ♣❛MH✐❛❧❧② ❝♦✈❡M ❣❡♥❡K ♦❢ ♣M♦H❡♦♠❡ K♣❡❝✐❡K✳ ❚❤❡M❡❢♦M❡✱ ♣M♦H❡♦♠❡ K♣❡❝✐❡K ❝♦♥❝❡✐✈✲
❛❜❧② K❤✐❢H K❡❧❡❝H✐♦♥ ♦❢ ❛ ❞❛H❛ K✉❜K❡H ✇✐H❤ ▼❆❘❊✳ ❖♣H✐♦♥❛❧❧② ✇❡✐❣❤H✐♥❣ H❛①❛ ✐♥ ▼❆❘❊ ❝❛♥ ❝♦♠♣❡♥K❛H❡
K✉❝❤ K❤✐❢HK✳ ❈✉MM❡♥H❧②✱ ❛❧❧ ❛✈❛✐❧❛❜❧❡ ♣M♦H❡♦♠❡ K♣❡❝✐❡K K❡M✈❡ ❛K ♠♦❞❡❧ ♦M❣❛♥✐K♠K ❛♥❞ K❤♦✇ ❤✐❣❤❧② ❞❡M✐✈❡❞
♠♦M♣❤♦❧♦❣✐❝❛❧ ❝❤❛M❛❝H❡MK✳ ❆MH✐❢❛❝HK ❝❛✉K❡❞ ❜② H❤❡K❡ K♣❡❝✐❡K ❛M❡ ❤❛M❞ H♦ ♣M❡❞✐❝H ❛♥❞ ✐❞❡♥H✐❢②✳ ❙❡✈❡M❛❧
KH✉❞✐❡K ❛♥❞ ✉♥♣✉❜❧✐K❤❡❞ ❞❛H❛ KH❛H❡ H❤❛H K♦♠❡ ♣M♦H❡♦♠❡ K♣❡❝✐❡K✱ ❡✳❣✳ H❤❡ ❧♦✉K❡ ^❡❞✐❝✉❧✉N✱ K❤♦✇ ✈❛M✐♦✉K
♣❧❛❝❡♠❡♥HK ❞❡♣❡♥❞✐♥❣ ♦♥ H❤❡ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞ ✭❡✳❣✳ ❖❞M♦♥✐H③ ❡H ❛❧✳✱ ✷✵✵✾✱ ❛♥❞ ❊❜❡MK❜❡M❣❡M ✫
❙HM❛✉KK✱ ♣❡MK✳ ❝♦♠♠✮✳ ■♥ H❤❡ ♣M❡K❡♥H KH✉❞②✱ H❤✐K ✇❛K ❛❧K♦ ♦❜K❡M✈❡❞ ❢♦M ^❡❞✐❝✉❧✉N✳ ❇❡❝❛✉K❡ ♦❢ ❤✉❣❡
❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H②✱ ✐H ✐K H❤✐♥❦❛❜❧❡ H❤❛H ♣M♦H❡♦♠❡ H❛①❛ ✐♥H❡♥K❡❧② K❤✐❢H HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳ ❈♦♥K✐❞❡M✐♥❣
K✉♣♣♦MH ✈❛❧✉❡K✱ ♦♥❧② ❢❡✇ K♣❧✐HK K❤♦✇ ❡♥♦M♠♦✉K ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ HM❡❡K ✇✐H❤ ❛♥❞ ✇✐H❤♦✉H ♣M♦H❡♦♠❡
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▲❡❛❢ KH❛❜✐❧✐H② ✐♥❞✐❝❡K ✭▲❙■K✮ K❤♦✉❧❞ ❜❡ ❝♦♥K✐❞❡M❡❞ ❝M✐H✐❝❛❧❧②✳ ❚❤❡ ♣♦KH✲♣M♦❝❡KK✐♥❣ H❡❝❤♥✐Q✉❡ ✐K ✐♠♣❧❡✲
♠❡♥H❡❞ ✐♥ ❤②✉H✐❧✐H② ✭❙♠✐H❤ ❛♥❞ ❉✉♥♥✱ ✷✵✵✽✮ ❜❛K❡❞ ♦♥ ❚❤♦M❧❡② ❛♥❞ ✐❧❦✐♥K♦♥ ✭✶✾✾✾✮ ❛♥❞ ❚❤♦M❧❡②
❛♥❞ ❛❣❡ ✭✷✵✵✵✮✱ ✇❤♦ ✉K❡❞ ▲❙■K ❛♠♦♥❣ ❛ K❡H ♦❢ ❝♦❧❧❡❝H❡❞ HM❡❡K H♦ ✐❞❡♥H✐❢② ✉♥KH❛❜❧❡ H❛①❛✳
♥KH❛❜❧❡ H❛①❛ ❛M❡ ♥♦H ♥❡❝❡KK❛M✐❧② ♠✐K♣❧❛❝❡❞✳ ❚❛①❛ H❤❛H ❛M❡ ♣✉H❛H✐✈❡❧② ✇M♦♥❣❧② ♣❧❛❝❡❞ ✐♥ ❛❧❧ ❝♦❧❧❡❝H❡❞
HM❡❡K ❛M❡ ♥♦H ✐❞❡♥H✐✜❡❞ ❛♥❞ ♠❛② K✉♣♣♦MH ❛MH✐✜❝✐❛❧ ❝❧❛❞❡K✳ ❉✉♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ K✉❣❣❡KH H♦ ♣M✉♥❡ ✉♥KH❛✲
❜❧❡ H❛①❛ ❢M♦♠ H❤❡ ❛❧✐❣♥♠❡♥H ❛♥❞ M❡♣❡❛H ❛♥❛❧②K❡K✳ ❚❤❡ ✐❞❡❛ ✐K H♦ ♦❜H❛✐♥ ❛ KH❛❜❧❡ ❛♥❞ ♠♦M❡ ❛❝❝✉M❛H❡
✏❜❛❝❦❜♦♥❡✑ HM❡❡✳ ■♥ H❤❡ ♣M❡K❡♥H ❛♥❛❧②K❡K✱ ♣M✉♥✐♥❣ ♦❢ ✉♥KH❛❜❧❡ H❛①❛ ✭♥❛♠❡❧② ②❝♥♦❣♦♥✐❞❛✱ ▼②M✐❛♣♦❞❛
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♠❛❧❧② K✉♣♣♦MH❡❞ H♦ ✭✭◆❡♠❛H♦❞❛✱❚❛M❞✐❣M❛❞❛✮❊✉❛MH❤M♦♣♦❞❛✮ ✭K❡❝H✐♦♥ ✷✳✸✳✸✱ ❛♥❞ ❋✐❣✳ ❆✳✹✮✳ ❍♦✇❡✈❡M✱ ❛
✇❡❧❧ M❡K♦❧✈❡❞ ❝❧❛❞❡ ❖♥②❝❤♦♣❤♦M❛ ✰ ✭✭◆❡♠❛H♦❞❛✱❚❛M❞✐❣M❛❞❛✮❊✉❛MH❤M♦♣♦❞❛✮ ✐K K✉K♣✐❝✐♦✉K✳ ◆♦ ♠♦❧❡❝✉✲
❧❛M✱ ♠♦M♣❤♦❧♦❣✐❝❛❧ ♦M ❞❡✈❡❧♦♣♠❡♥H❛❧ KH✉❞② ❤❛K ❡✈❡M ♣M♦♣♦K❡❞ H❤✐K ❝❧❛❞❡ ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥
❡H ❛❧✳✱ ✷✵✵✽❀ ❛♥H❦❡ ❡H ❛❧✳✱ ✷✵✵✽❀ ❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾❀ ❇✉❞❞ ❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✾✮✳ ❇② ❞✐K❝❛M❞✐♥❣ ②❝✲
♥♦❣♦♥✐❞❛ ❛♥❞ ▼②M✐❛♣♦❞❛✱ ♣♦KK✐❜❧❡ K②♥❛♣♦♠♦M♣❤✐❡K ✇✐H❤ ♦♥②❝❤♦♣❤♦M❛♥K ❛M❡ ❞M♦♣♣❡❞✳ ❈♦♥K❡Q✉❡♥H❧②✱
♦♥②❝❤♦♣❤♦M❛♥K K❧✐♣ ❞♦✇♥ H❤❡ HM❡❡ ❛♥❞ M❡K✉❧H ✐♥ ❛ ❜✐❛K❡❞ H♦♣♦❧♦❣② ✇✐H❤ ❛ ❢❛❧K❡❧② ♠❛①✐♠❛❧ K✉♣♣♦MH ✭K❡❡
u❣❡❧❡ ❛♥❞ ▼❛②❡M✱ ✷✵✵✼✮✳
■♥KH❡❛❞ ♦❢ ♣M✉♥✐♥❣ ✉♥KH❛❜❧❡ H❛①❛✱ ✐H ✐K ♥❡❝❡KK❛M② H♦ ♠♦❞❡❧ H❤❡K❡ H❛①❛ ❝♦MM❡❝H❧② ❛♥❞ ❛✈♦✐❞ ❛MH✐✜❝✐❛❧
❝❧❛❞❡K✳ ❆♥ ✐❞❡❛ ✐K H♦ ❡①❛♠✐♥❡ ♣♦KK✐❜❧❡ K✐❣♥❛❧ ♣❡M ❣❡♥❡ ❢♦M H❤❡K❡ H❛①❛✳ ❚❤❡M❡❢♦M❡✱ Q✉❛MH❡H ♠❛♣♣✐♥❣
❢M♦♠ ♣M❡❞❡✜♥❡❞ ❣M♦✉♣K ♠✐❣❤H ❜❡ ❛♣♣M♦♣M✐❛H❡✳
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❚❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ H❤❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K ✐K ❝M✉❝✐❛❧ ❢♦M H❤❡ ♣♦❧❛M✐③❛H✐♦♥ ♦❢ ❝❤❛M❛❝H❡MK ❛♥❞ ✐♠♣♦H❛♥H
✐❢ ✇❡ ✇❛♥H H♦ M❡K♦❧✈❡ H❤❡ ❤❡①❛♣♦❞ ✭❛♥❞ ❛MH❤M♦♣♦❞✮ HM❡❡ ♦❢ ❧✐❢❡✳ M❡✈✐♦✉K ♠♦❧❡❝✉❧❛M ❛♥❞ ♠♦M♣❤♦❧♦❣✐✲
❝❛❧ KH✉❞✐❡K ❤❛✈❡ K✉❣❣❡KH❡❞ ✈❛M✐♦✉K H❛①❛ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ❤❡①❛♣♦❞K✱ ❡✳❣✳ ❈♦♣❡♣♦❞❛✱ ❇M❛♥❝❤✐♦♣♦❞❛✱
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✷✵✶✵✮✳ ■♥ ❛❧❧ HM❡❡K ✐♥❢❡MM❡❞ ✐♥ H❤✐K KH✉❞②✱ ❇M❛♥❝❤✐♦♣♦❞❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❤❡①❛♣♦❞K✱ ❜✉H ✇✐H❤ ❞✐✛❡M❡♥H
K✉♣♣♦MH✳ ■♥ ❜♦H❤ ▼▲ ❛♥❞ ❇❛②❡K✐❛♥ ❙❖❙ HM❡❡K ♦❢ ❞❛H❛ K❡H ❆:✶✱ H❤❡ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❇M❛♥✲
❝❤✐♦♣♦❞❛ ❛♥❞ ❍❡①❛♣♦❞❛ ✐K KHM♦♥❣❧② K✉♣♣♦MH❡❞ ✭❚❛❜✳ ✷✳✻✮✳ ❚❤✐K ❝♦MM♦❜♦M❛H❡K K✐♥❣❧❡✲ ❛♥❞ ♠✉❧H✐✲❣❡♥❡
❛♥❛❧②K❡K ✭❘❡❣✐❡M ❛♥❞ ❙❤✉❧H③✱ ✶✾✾✼❀ ❙❤✉❧H③ ❛♥❞ ❘❡❣✐❡M✱ ✷✵✵✵❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✺❀ ❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀
❉✉♥♥ ❡H ❛❧✳✱ ✷✵✵✽❀ ❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❍♦✇❡✈❡M✱ H❤❡ K✉♣♣♦MH ❞❡M✐✈❡❞ ❢M♦♠ ❡①❝❧✉K✐✈❡❧② M✐❜♦K♦♠❛❧
♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ✐K ♥❡❣❧✐❣✐❜❧❡ ✭❇❙ ✺✹✪✱ ❚❛❜✳ ✷✳✶✵✮✳ ◆♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ❝♦✈❡M
❝❛✳ ✸✴✹ ♦❢ H❤❡ ❙❖❙ ♠❛HM✐① ✭✾✼ ♦❢ ✶✷✾ ❣❡♥❡K✮ ❛♥❞ ♠✐❣❤H ❞♦♠✐♥❛H❡ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ♦❢ H❤❡ ❝♦♠♣❧❡H❡
❙❖❙✿ K✉♣♣♦MH ✈❛❧✉❡K ❛M❡ K✐♠✐❧❛M ✭❇❙ ✾✷✪ ❢♦M H❤❡ ❝♦♠♣❧❡H❡ ❙❖❙✱ ❇❙ ✾✹✪ ❢♦M H❤❡ ♥♦♥✲M✐❜♦K♦♠❛❧ ❙❖❙
✼✷ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
HM❡❡✱ ❝❢✳ ❚❛❜✳ ✷✳✶✵✮✳ ❙H✉❞✐❡K ❜❛K❡❞ ♦♥ ♥✉❝❧❡❛M M❘◆❆ ♠❛M❦❡MK K✉❣❣❡KH ❈♦♣❡♣♦❞❛ ❛K K✐KH❡M ❣M♦✉♣ ♦❢
❍❡①❛♣♦❞❛✱ ❛❧❜❡✐H ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH
❡H ❛❧✳✱ ✷✵✶✵✱ K❡❡ ❝❤❛♣H❡M ✸✮✳ ❖H❤❡M KH✉❞✐❡K ❜❛K❡❞ ♦♥ ♥♦♥✲M✐❜♦K♦♠❛❧ ❣❡♥❡K ♣M♦✈✐❞❡ ❝♦♥HM❛❞✐❝H✐♥❣ HM❡❡K✳
❤✐❧❡ M❡K✉❧HK ♦❢ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✵✽✮ ❛M❡ ✐♥❝♦♥❝❧✉K✐✈❡✱ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✶✵✮ ✐♥❢❡M ❛ ❝❧❛❞❡ ✏❡♥♦❝❛M✐❞❛✑
✭❂ ❘❡♠✐♣❡❞✐❛ ✰ ❈❡♣❤❛❧♦❝❛M✐❞❛✮ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❍❡①❛♣♦❞❛✿ K✉♣♣♦MH ✐K KHM♦♥❣ ❛H ❛ ♥✉❝❧❡♦H✐❞❡ ❧❡✈❡❧✱
❜✉H ✐♥K✐❣♥✐✜❝❛♥H ❛H ❛♥ ❛♠✐♥♦ ❛❝✐❞ ❧❡✈❡❧✳ ❊MH❛K ❡H ❛❧✳ ✭✷✵✵✾✮ K✉❣❣❡KH ❛ ❝❧♦K❡ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❘❡♠✐♣❡❞✐❛
❛♥❞ ❍❡①❛♣♦❞❛ ❜❛K❡❞ ♦♥ ❤❡♠♦❝②❛♥✐♥✳
❇② ❡①❝❧✉❞✐♥❣ ♣M♦H❡♦♠❡ K♣❡❝✐❡K ✭❆:✸♦:✮✱ H❤❡ ❧♦✇ K✉♣♣♦MH ❢♦M ❛ ❝❧❛❞❡ ✭❇M❛♥❝❤✐♦♣♦❞❛✱❍❡①❛♣♦❞❛✮
✐K ✉♥❡①♣❡❝H❡❞✳ ❋M♦♠ ❜M❛♥❝❤✐♦♣♦❞K ♦♥❧② ❉❛♣❤♥✐❛ ♣✉❧❡① ✇❛K ❡①❝❧✉❞❡❞ ✭K❡❡ ❙❖❙ ♦❢ ❆:✸♦:✱ ❋✐❣✳
✷✳✷✺✮✳ ●❡♥❡ ❝♦✈❡M❛❣❡ ♦❢ M❡♠❛✐♥✐♥❣ ❜M❛♥❝❤✐♦♣♦❞K M❡K❡♠❜❧❡K H❤❡ ❙❖❙ ♦❢ ❆:✶✿ ❆OM❡♠✐❛ ❝♦✈❡MK ✾✸✱
❉❛♣❤♥✐❛ ♠❛❣♥❛ ✻✻ ❛♥❞ ❚O✐♦♣N ✹✷ ❣❡♥❡K✳ ❚❤✉K✱ ❛♥ ✐♥K✉✣❝✐❡♥H ❣❡♥❡ ❝♦✈❡M❛❣❡ ♦❢ ❜M❛♥❝❤✐♦♣♦❞K K❡❡♠K
✉♥❧✐❦❡❧②✳ ■H K❤♦✉❧❞ ❜❡ ❡①❛♠✐♥❡❞ ✇❤② ❉❛♣❤♥✐❛ ♣✉❧❡① ❛♣♣❛M❡♥H❧② ♣M♦✈✐❞❡K ❛ ♠♦M❡ K✉❜KH❛♥H✐❛❧ K✉♣♣♦MH ❢♦M
❇M❛♥❝❤✐♦♣♦❞❛ ✰ ❍❡①❛♣♦❞❛ H❤❛♥ M❡♠❛✐♥✐♥❣ ❜M❛♥❝❤✐♦♣♦❞K✳
◆♦♥✲♠♦❧❡❝✉❧❛M KH✉❞✐❡K ♣M♦✈✐❞❡ ❛♠❜✐❣✉♦✉K M❡K✉❧HK✳ ❆ ❝❧❛❞❡ ✭❇M❛♥❝❤✐♦♣♦❞❛✱❍❡①❛♣♦❞❛✮ ✐K K✉❣❣❡KH❡❞
❜② ❙❝❤M❛♠ ❛♥❞ ❑♦❡♥❡♠❛♥♥ ✭✷✵✵✹✮ ❜❛K❡❞ ♦♥ ❛ ✏♣M❡❧✐♠✐♥❛M②✑ ❝❧❛❞✐KH✐❝ ❛♥❛❧②K✐K✳ ●❧❡♥♥❡M ❡H ❛❧✳ ✭✷✵✵✻✮
K✉❣❣❡KH ❛ K❝❡♥❛M✐♦ ❢♦M ❛ ❝♦♠♠♦♥ ❛♥❝❡KH♦M ♦❢ ❤❡①❛♣♦❞K ❛♥❞ ❢M❡K❤ ✇❛H❡M ❝M✉KH❛❝❡❛♥K ❧✐❦❡ ❜M❛♥❝❤✐♦♣♦❞K✱
❜✉H H❤❡② ❤❛✈❡ ♠❛✐♥❧② ❞❡M✐✈❡❞ ❝❤❛M❛❝H❡MK ❛♥❞ ❛M❡ ❤✐❣❤❧② ❛❞❛♣H❡❞ H♦ K❡❛K♦♥❛❧ ❢M❡K❤✇❛H❡M ♣♦♥❞K✳ ■♥
❝♦♥HM❛KH✱ H❤✐K K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ✐K ❝♦♥HM❛❞✐❝H❡❞ ❜② ♣❛❧❡♦♥H♦❧♦❣✐❝❛❧ ❞❛H❛ ✭❛❧♦K③❡❦✱ ✷✵✵✸✮✳
❘❡❝❡♥H KH✉❞✐❡K ❛❧K♦ M❡❥❡❝H ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❇M❛♥❝❤✐♦♣♦❞❛ ❛♥❞ ❍❡①❛♣♦❞❛✱ ❜✉H ♣M♦♣♦K❡
▼❛❧❛❝♦KHM❛❝❛ ♦M ❘❡♠✐♣❡❞✐❛ ❛K ♣♦KK✐❜❧❡ K✐KH❡M ❣M♦✉♣ H♦ ❤❡①❛♣♦❞K ✭❋❛♥❡♥❜M✉❝❦ ❡H ❛❧✳✱ ✷✵✵✹❀ ❋❛♥❡♥❜M✉❝❦
❛♥❞ ❍❛M③K❝❤✱ ✷✵✵✺❀ ❍❛M③K❝❤✱ ✷✵✵✻❀ ❙HM❛✉K❢❡❧❞✱ ✷✵✵✾❀ ❙HM❛✉K❢❡❧❞ ❡H ❛❧✳✱ ✷✵✵✾❀ ✈♦♥ ❘❡✉♠♦♥H✱ ✷✵✶✵✮✳
❚❤❡ ✐♥❝♦♥❣M✉❡♥❝❡ ✇✐H❤✐♥ ❛♥❞ ❜❡H✇❡❡♥ ♠♦❧❡❝✉❧❛M ❛♥❞ ♠♦M♣❤♦❧♦❣✐❝❛❧ KH✉❞✐❡K ❛❞❞M❡KK✐♥❣ H❤❡ ❤❡①❛♣♦❞K
K✐KH❡M ❣M♦✉♣ ✐K ♥♦H M❡K♦❧✈❡❞ ②❡H✳ ❈❛M❡❢✉❧ ❛♥❛❧②K❡K ♦❢ K✐❣♥❛❧ Q✉❛❧✐H② ✐♥ ♠♦❧❡❝✉❧❛M ❛♥❞ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❞❛H❛
❛M❡ KH✐❧❧ M❡Q✉✐M❡❞✱ ❛❧♦♥❣ ✇✐H❤ ♠♦M❡ ♠♦❧❡❝✉❧❛M ❞❛H❛ ❢M♦♠ ▲❡♣H♦KHM❛❝❛✱ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❤❛❧♦❝❛M✐❞❛✳
❍❡①❛♣♦❞❛ ❛P❡ ✉♥❛♠❜✐❣✉♦✉N❧② N✉♣♣♦PL❡❞ ❢P♦♠ ❊❙❚ ❞❛L❛
❆❧❧ K❡❧❡❝H❡❞ ♦♣H✐♠❛❧ K✉❜K❡H ✭❙❖❙✮ HM❡❡K ♦❢ H❤✐K H❤❡K✐K ✉♥❛♠❜✐❣✉♦✉K❧② M❡K♦❧✈❡ ♠♦♥♦♣❤②❧❡H✐❝ ❍❡①❛♣♦❞❛✳
❚❤❡M❡❜②✱ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❡♥H♦❣♥❛H❤♦✉K ♦M❞❡MK ❛M❡ ♣M♦♣♦K❡❞ ❛K ♠♦KH ❜❛K❛❧ K♣❧✐HK ✇✐H❤✐♥ ❤❡①❛♣♦❞K✳
▼♦M❡♦✈❡M✱ ❛❞✈❛♥❝❡❞ ♠❡H❤♦❞K ❛♣♣❧✐❡❞ ❤❡M❡✱ ♣❛②❡❞ ♦✛ H❤❡✐M ❡✛♦MH ✭K❡❝H✐♦♥ ✷✳✹✳✶✮✳ M❡K❡♥H M❡K✉❧HK
KHM♦♥❣❧② M❡❥❡❝H KH✉❞✐❡K ❜❛K❡❞ ♦♥ ♠✐H♦❝❤♦♥❞M✐❛❧ ✭♠H✮ ❞❛H❛ ✭◆❛M❞✐ ❡H ❛❧✳✱ ✷✵✵✸❛✱❜❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✺✱
✷✵✵✼✮✳ ▼H ❞❛H❛ K✉❣❣❡KH ❛ ♣♦❧②♣❤②❧② ♦❢ ❤❡①❛♣♦❞K✱ ✇❤✐❝❤ ✐♠♣❧✐❡K H❤❛H ❢❡❛H✉M❡K ♦❢ H❤❡ ❤❡①❛♣♦❞ ❜❛✉♣❧❛♥
♠✉KH ❤❛✈❡ ❡✈♦❧✈❡❞ ❛H ❧❡❛KH H✇✐❝❡✳ ▲✐❦❡✇✐K❡✱ ❆❧❡K❤✐♥ ❡H ❛❧✳ ✭✷✵✵✾✮ ♦✉H❧✐♥❡K H❤❛H ♠✐H♦❝❤♦♥❞M✐❛❧ ❞❛H❛
♠✐❣❤H ❜❡ ♥♦H ❛♣♣M♦♣M✐❛H❡ ❢♦M ❞❡❡♣ ❛MH❤M♦♣♦❞ ❛♥❞ ❤❡①❛♣♦❞ ♣❤②❧♦❣❡♥②✳ ❙H✉❞✐❡K ❜❛K❡❞ ♦♥ ♠H ♠❛M❦❡MK
♦M ♦♥ ♥✉❝❧❡❛M ♠✉❧H✐✲❣❡♥❡ ❞❛H❛ ❞✐❞ ♥♦H ✐♥❝❧✉❞❡ ♣M♦H✉M❛♥K ✭❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✼❀ ❚✐♠♠❡M♠❛♥K ❡H ❛❧✳✱
✷✵✵✽❀ ❆❧❡K❤✐♥ ❡H ❛❧✳✱ ✷✵✵✾❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✱ K❡❡ ❝❤❛♣H❡M ✶✱ K❡❝H✐♦♥ ✶✳✷✮✳ ❊❙❚✲❛♥❛❧②K❡K✱ ♣M❡K❡♥H❡❞ ✐♥
H❤✐K H❤❡K✐K ❜❛K❡❞ ♦♥ ❛♥ ❡①H❡♥K✐✈❡ ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ K❡H✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ ♦M❞❡MK ♦❢ ♠♦♥♦❝♦♥❞②❧✱ ♣M✐♠❛M②
✇✐♥❣❧❡KK ❤❡①❛♣♦❞K ②✐❡❧❞ KHM♦♥❣ K✉♣♣♦MH ❢♦M ♠♦♥♦♣❤②❧❡H✐❝ ❍❡①❛♣♦❞❛✳ ▼♦M❡♦✈❡M✱ H❤❡ M❡K♦❧✉H✐♦♥ ❛♥❞
K✉♣♣♦MH ♦❢ ❍❡①❛♣♦❞❛ K❡❡♠K ✐♥❞❡♣❡♥❞❡♥H ❢M♦♠ ♠♦❞❡❧ K❡❧❡❝H✐♦♥✱ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞ ❛♥❞ ✈❛M✐♦✉K
H❛①❛✴❣❡♥❡ K❡❧❡❝H✐♦♥K ✭K❡❡ K❡❝H✐♦♥ ✷✳✸✳✸ ❛♥❞ ✷✳✹✳✶✮✳ ❙✉♣♣♦MH✐♥❣ H❤❡ HM❛❞✐H✐♦♥❛❧ ✈✐❡✇✱ ✐H ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞
H❤❛H ❤❡①❛♣♦❞K ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ❛♥❞ H❤❛H H❤❡ ❞✐KH✐♥❝H✐✈❡ ❤❡①❛♣♦❞ ❜❛✉♣❧❛♥ ❡✈♦❧✈❡❞ ♦♥❧② ♦♥❝❡✱ ❡✈❡♥
H❤♦✉❣❤ ♥♦♥✲♠♦❧❡❝✉❧❛M ❝❤❛M❛❝H❡MK ♠❛② ♣M♦✈✐❞❡ ❛♠❜✐❣✉♦✉K K✉♣♣♦MH ✭❉♦❤❧❡✱ ✷✵✵✶❀ ❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤✱




❆♥❛❧②K❡K ♦❢ H❤❡ ♣M❡K❡♥H KH✉❞② ♣M♦✈✐❞❡ ❛♠❜✐❣✉♦✉K K✉♣♣♦MH ❢♦M ❛ ♠♦♥♦♣❤②❧② ♦❢ ❡♥H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞K
H❛❦✐♥❣ ▼▲ ❛♥❞ ❇❛②❡K✐❛♥ ❙❖❙✲❛♥❛❧②K❡K ♦❢ H❤❡ ❢✉❧❧ ❞❛H❛ K❡H ✭❆:✶✮ ✐♥H♦ ❛❝❝♦✉♥H✳ ❊♥H♦❣♥❛H❤❛ ❛M❡
M❡❝♦✈❡M❡❞✱ ❛❧❜❡✐H ♠♦❞❡M❛H❡ ♦M ✇❡❛❦❧② K✉♣♣♦MH❡❞ ✭❚❛❜✳ ✷✳✻✮✳ ❈♦♥K✐❞❡M✐♥❣ ❇❛②❡K✐❛♥ ❛♥❛❧②K❡K✱ ♦♥❡
❝❤❛✐♥ K✉❣❣❡KHK ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❈♦❧❧❡♠❜♦❧❛ ❛♥❞ ❊❝H♦❣♥❛H❤❛✳ ◆♦♥♦❝✉❧❛H❛ ❛K K✐KH❡M ❣M♦✉♣
H♦ ✭❈♦❧❧❡♠❜♦❧❛✱❊❝H♦❣♥❛H❤❛✮ K❤♦✇❡❞ ❧♦✇ K✉♣♣♦MH ✭♣ ✵✳✺✮✳ ❈❤❛✐♥K K❤♦✇✐♥❣ ❝♦♥✈❡M❣❡♥❝❡ ✇✐H❤ ♦H❤❡M
❝❤❛✐♥K✱ ❤❛✈✐♥❣ ♠✉❝❤ ❜❡HH❡M ❧♦❣✲❧✐❦❡❧✐❤♦♦❞K ✭❚❛❜✳ ✷✳✽✮ KHM♦♥❣❧② K✉♣♣♦MH ❍❡①❛♣♦❞❛✳ ■♥ H❤❡K❡ ❝❤❛✐♥K
❊♥H♦❣♥❛H❤❛ ❛M❡ M❡❝♦✈❡M❡❞ ✇✐H❤ ❛ K✉♣♣♦MH ❛H ❧❡❛KH > ♣ ✵✳✺✳ ❙❡♣❛M❛H❡ ❛♥❛❧②K❡K ♦❢ M✐❜♦K♦♠❛❧ ❛♥❞ ♥♦♥✲
M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ❛❧K♦ K✉❣❣❡KH ❊♥H♦❣♥❛H❤❛ ✭♥♦♥✲M✐❜♦K♦♠❛❧ H♦♣♦❧♦❣②✮ ♦M ❛ K✐KH❡M ❣M♦✉♣
M❡❧❛H✐♦♥K❤✐♣ ♦❢ K♣M✐♥❣H❛✐❧K ❛♥❞ ❊❝H♦❣♥❛H❤❛ ✭M✐❜♦K♦♠❛❧ H♦♣♦❧♦❣②✱ K❡❡ ✷✳✸✳✸✮✳ ❚❤❡ K❡❝♦♥❞ K❝❡♥❛M✐♦ ✐K
♥❡❣❧✐❣✐❜❧② K✉♣♣♦MH❡❞ ✭❇❙ ❁ ✺✵✮✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ ❈♦❧❧❡♠❜♦❧❛ ✐K ♥♦H M❡K♦❧✈❡❞ ❛♥❞ H❤❡ ❛✈❡M❛❣❡ ✐♥❢♦M✲
♠❛H✐♦♥ ❝♦♥H❡♥H ✭■❈✮ ♦❢ ❣❡♥❡K ✐K M❡♠❛M❦❛❜❧② ❧♦✇❡M H❤❛♥ H❤❡ ■❈ ♦❢ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✳
❆ ♣❛M❛♣❤②❧② ♦❢ ❝♦❧❧❡♠❜♦❧❛♥ ♦❞✉M♦♠♦M♣❤❛✱ K✉❣❣❡KH❡❞ ❜② H❤❡ M✐❜♦K♦♠❛❧ HM❡❡✱ ❣❛✐♥K ♥♦ K✉♣♣♦MH ❢M♦♠
♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K ✭❉❡❤❛M✈❡♥❣✱ ✷✵✵✹❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ✐♦♥❣ ❡H ❛❧✳✱ ✷✵✵✽✮✳ ◆❡✈✲
❡MH❤❡❧❡KK✱ ♣M❡K❡♥H ▼▲ ❛♥❛❧②K❡K ✇✐H❤ ♠♦M❡ H❤❛♥ ✶✵✵ ❣❡♥❡K ✇✐H❤ ❛♥ ❛❞❞✐H✐♦♥❛❧ ✐♥❝❧✉❞❡❞ ♦♥②❝❤♦♣❤♦M❛♥
✭❙❖❙ ♦❢ ❆:✷✮ ♦M ❡①❝❧✉❞✐♥❣ ♣M♦H❡♦♠❡ H❛①❛ ✭❙❖❙ ♦❢ ❆:✸♦:✮ KHM♦♥❣❧② ❝♦MM♦❜♦M❛H❡ ❊♥H♦❣♥❛H❤❛ ✇✐H❤
✐♥❝M❡❛K❡❞ K✉♣♣♦MH✳ ■♥ K✉♠♠❛M②✱ ❛ K✉♣♣♦MH ❢♦M ❊♥H♦❣♥❛H❤❛ K❡❡♠K K❡♥K✐H✐✈❡ H♦ ❞✐✛❡M❡♥H HM❡❡ M❡❝♦♥✲
KHM✉❝H✐♦♥ ♠❡H❤♦❞K ✭▼▲ ✈❡ON✉N ❇❛②❡K✐❛♥✮✳ ■HK ✐♥❢❡M❡♥❝❡ ♠❛② ❛❧K♦ ❜❡ ❞❡♣❡♥❞❡♥H ♦♥ ♣❛MH✐❝✉❧❛M K✐❣♥❛❧
❝♦♠✐♥❣ ❢M♦♠ ❞✐✛❡M❡♥H ❣❡♥❡K✳ ❚❤✐K ❝♦♥✜M♠K ♣M❡✈✐♦✉K ♠♦❧❡❝✉❧❛M ❛♥❞ ♠♦M♣❤♦❧♦❣✐❝❛❧ KH✉❞✐❡K H❤❛H ❛❧K♦
♣♦✐♥H ♦✉H H❤❡K❡ ❛♠❜✐❣✉✐H✐❡K ✭❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽❀ ●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳ ✐H❤✐♥ ♠♦M♣❤♦❧♦❣✐❝❛❧ KH✉❞✐❡K✱
H❤❡ ✐♥H❡M♣M❡H❛H✐♦♥ ♦❢ ❝❤❛M❛❝H❡M KH❛H❡K M❡♠❛✐♥K ❞✐✣❝✉❧H ✭❙③✉❝K✐❝❤ ❛♥❞ ❛KK✱ ✷✵✵✽✮✱ ❞✉❡ H♦ ❡✳❣✳ ❡①✲
HM❡♠❡ ❛❞❛♣H❛H✐♦♥K H♦ K✉❜H❡MM❛♥❡❛♥ ♦M ❝M②♣H✐❝ ❤❛❜✐H❛HK✳ ❆H ❧❡❛KH✱ ❢M♦♠ ❛ ♠♦❧❡❝✉❧❛M ♣❡MK♣❡❝H✐✈❡✱ H❤❡M❡
✐K ❝✉MM❡♥H❧② ♥♦ ❛❧H❡M♥❛H✐✈❡ ❤②♣♦H❤❡K✐K ✇❤✐❝❤ ❣❛✐♥K ♠♦M❡ K✉♣♣♦MH H❤❛♥ ❛ ❝❧❛❞❡ ❊♥H♦❣♥❛H❤❛✳
✐H❤✐♥ ❊♥H♦❣♥❛H❤❛✱ H❤❡M❡ ✐K ❛ KHM♦♥❣ K✉♣♣♦MH ❢♦M ◆♦♥♦❝✉❧❛H❛ ✐♥ ❛❧❧ ❛♥❛❧②K❡K ♦❢ H❤❡ ♣M❡K❡♥H KH✉❞②
✇✐H❤♦✉H ❡①❝❡♣H✐♦♥✳ ❚❤✐K ❝♦MM♦❜♦M❛H❡K M❡K✉❧HK ♦❢ K❡✈❡M❛❧ K✐♥❣❧❡✱ ♠♦KH❧② M❘◆❆ ❣❡♥❡ ❛♥❛❧②K❡K ✭▲✉❛♥
❡H ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✹❀ ❑❥❡M✱ ✷✵✵✹❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ✈♦♥ ❘❡✉♠♦♥H
❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❘✐❜♦K♦♠❛❧ ❣❡♥❡K ❤❛❞ ❜❡❡♥ ❝❤❛M❛❝H❡M✐③❡❞ ❛K ♣♦H❡♥H✐❛❧❧② ❜✐❛K❡❞ ✭❡✳❣✳
▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✱ ❜❛K❡❞ ♦♥ ✜♥❞✐♥❣K ♦❢ ♥✉❝❧❡❛M M❘◆❆ ❣❡♥❡K✳ ✈♦♥ ❘❡✉♠♦♥H
❡H ❛❧✳ ✭✷✵✵✾✮ ♦❜❧✐H❡M❛H❡✱ ❛H ❧❡❛KH ❢♦M M❘◆❆ ❣❡♥❡K✱ ♣M❡✈✐♦✉K❧② ♣M♦♣♦K❡❞ ❛M❣✉♠❡♥HK ❜② ✐♥❝❧✉❞✐♥❣ ♠❡H❤♦❞K
H❤❛H ❛❝❝♦✉♥H ❢♦M ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ✭K❡❡ ❝❤❛♣H❡M ✸✮✳ ❋✉MH❤❡M♠♦M❡✱ ♥♦H ♦♥❧② K❡♣❛M❛H❡ ❛♥❛❧②K❡K
♦❢ M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✱ ❜✉H ❛❧K♦ ❛♥❛❧②K❡K ♦❢ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K KHM♦♥❣❧②
K✉♣♣♦MH ◆♦♥♦❝✉❧❛H❛ ✭❚❛❜✳ ✷✳✶✵✮✳ ▼♦M♣❤♦❧♦❣✐❝❛❧ ❡✈✐❞❡♥❝❡ ❢♦M H❤✐K ❝❧❛❞❡ ✐K KH✐❧❧ ❛♠❜✐❣✉♦✉K ✭❙③✉❝K✐❝❤
❛♥❞ ❛KK✱ ✷✵✵✽✮✳ ❚❤❡ ❛♠♦✉♥H ♦❢ K❤❛M❡❞ ❣❡♥❡K ❢♦M ❡♥H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞ ♦M❞❡MK ♦❢ ❛❧❧ ❞❛H❛ K❡HK ✐♥
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✷✳✸✱ ❋✐❣K✳ ✷✳✷✵✱ ✷✳✷✶✱ ✷✳✷✹✱ ✷✳✷✺✮✳ ▼♦KH ✉♥❡①♣❡❝H❡❞ ✐K H❤❡ ♣♦❧②♣❤②❧② ♦❢ ♠②M✐❛♣♦❞K ❞✉❡ H♦ H❤❡ K❡♣❛M❛H✐♦♥
♦❢ ❝❤✐❧♦♣♦❞K ❛♥❞ ❞✐♣❧♦♣♦❞K ✐♥ H❤❡ ▼▲ HM❡❡ ❞❡M✐✈❡❞ ❢M♦♠ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K✳ ❈❤✐❧♦♣♦❞❛
❛M❡ ♣❧❛❝❡❞ ✇✐H❤✐♥ ❝❤❡❧✐❝❡M❛H❡K✱ ❜✉H M❡♠❛✐♥K ✉♥M❡K♦❧✈❡❞❀ ❉✐♣❧♦♣♦❞❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❛♥❝M✉KH❛❝❡❛ ✇✐H❤
♣♦♦M K✉♣♣♦MH ✭K❡❡ K❡❝H✐♦♥ ✷✳✸✱ ❋✐❣✳ ✷✳✷✸✱ K❡♣❛M❛H❡ ❛♥❛❧②K❡K ♦❢ M✐❜♦K♦♠❛❧ ❛♥❞ ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥
✷✳✹✳ ❉✐K❝✉KK✐♦♥ ✼✺
❝♦❞✐♥❣ ❣❡♥❡K✮✳ ▼❡H❤♦❞♦❧♦❣✐❝❛❧❧② H❤✐K K❡❡♠K K✉K♣✐❝✐♦✉K ❞✉❡ H♦ H❤❡ ✈❡M② ❧♦✇ ♥✉♠❜❡M ♦❢ K❤❛M❡❞ ❣❡♥❡K
✭K❡❝H✐♦♥ ✷✳✹✳✶✮✳ ■♥ H❤❡ ❇❛②❡K✐❛♥ ♠M❝ HM❡❡✱ ♠②M✐❛♣♦❞K ❛M❡ ♣❧❛❝❡❞ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ❝❤❡❧✐❝❡M❛H❡K✱ ❛❣❛✐♥
✇❡❛❦❧② K✉♣♣♦MH❡❞✳ ❙✉♠♠❛M✐③❡❞✱ H❤❡ ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡ ♦❢ ♠②M✐❛♣♦❞K ✐K ❤✐❣❤❧② ❞❡♣❡♥❞❡♥H ♦♥ H❤❡
K❡❧❡❝H❡❞ ❞❛H❛ K❡H ❛♥❞ H❛①❛✴❣❡♥❡ K❡❧❡❝H✐♦♥✳ ❉✉❡ H♦ ❛❞✈❛♥❝❡❞ ♠❡H❤♦❞K ✭❡✳❣✳ ▼❆❘❊✮ ❛♣♣❧✐❡❞ ❤❡M❡✱ H❤❡
♦✉H❝♦♠❡✱ ♥❛♠❡❧② ❛♥ ❛♠❜✐❣✉♦✉K ♣❤②❧♦❣❡♥❡H✐❝ ♣❧❛❝❡♠❡♥H ♦❢ ♠②M✐❛♣♦❞K✱ K❤♦✉❧❞ ❜❡ ♠♦M❡ M❡❛❧✐KH✐❝ H❤❛♥
M❡K✉❧HK ♦❢ K♦♠❡ ♦H❤❡M KH✉❞✐❡K✳ ✐H❤ ❝✉MM❡♥H ♠❡H❤♦❞K✱ H❤❡✐M ♣♦K✐H✐♦♥ ❝❛♥♥♦H ❜❡ ❝❧❡❛M❧② ❛❞❞M❡KK❡❞ ✐♥ H❤❡
❛MH❤M♦♣♦❞ HM❡❡ ♦❢ ❧✐❢❡✳ ❚❤✐K ❛♠❜✐❣✉✐H② ✐K ❡✈✐❞❡♥H ❜② ❝♦♠♣❛M✐♥❣ KH✉❞✐❡K ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥
❡H ❛❧✳✱ ✷✵✵✽❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮ ✇❤✐❝❤ K✉❣❣❡KH ❛ ✇❡❧❧ K✉♣♣♦MH❡❞ M❡K♦❧✉H✐♦♥ ✇✐H❤ ❞✐✛❡M❡♥H ♠✉❧H✐✲❣❡♥❡
❛♣♣M♦❛❝❤❡K✱ ❜✉H K✉♣♣♦MH ❝♦♥✢✐❝H✐♥❣ ❤②♣♦H❤❡K❡K✱ ♥❛♠❡❧② ▼❛♥❞✐❜✉❧❛H❛ ✈❡ON✉N ▼②M✐❛♣♦❞❛✳ ❚❤❡M❡❜②✱
♦H❤❡M KH✉❞✐❡K ❤❛✈❡ ❞❡♠♦♥KHM❛H❡❞ ❛ ❤✐❣❤ K❡♥K✐H✐✈✐H② ♦❢ M❡❝♦♥KHM✉❝H✐♥❣ ▼②M✐♦❝❤❡❧❛H❛ ✇✐H❤ M❡K♣❡❝H H♦
❣❡♥❡ ❝❤♦✐❝❡✱ H❛①♦♥ K❛♠♣❧✐♥❣ ❛♥❞ ♦✉H❣M♦✉♣ K❡❧❡❝H✐♦♥ ✭❇♦✉M❧❛H ❡H ❛❧✳✱ ✷✵✵✽❀ ❘♦H❛✲❙H❛❜❡❧❧✐ ❛♥❞ ❚❡❧❢♦M❞✱
✷✵✵✽❀ ❤✐❧✐♣♣❡ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ■♥ ♠♦❧❡❝✉❧❛M HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✱ ♠②M✐❛♣♦❞K ♠❛② ❜❡ ✏M♦❣✉❡✑ H❛①❛ ✇❤♦K❡
♣♦K✐H✐♦♥ ✐♥ H❤❡ HM❡❡ M❡♠❛✐♥K ❛♠❜✐❣✉♦✉K ❛♥❞ ❢❛❧❧ ✐♥H♦ ❞✐✛❡M❡♥H ❜M❛♥❝❤❡K ❛❝M♦KK H❤❡ HM❡❡ ✐♥ ❡✳❣✳ ❜♦♦HKHM❛♣
M❡♣❧✐❝❛H❡K ❛♥❞ H❤❡M❡❜② K✐❣♥✐✜❝❛♥H❧② M❡❞✉❝❡ H❤❡ M❡K♦❧✉H✐♦♥ ✐♥ H❤❡ M❡K✉❧H✐♥❣ ❝♦♥K❡♥K✉K HM❡❡K ♦M H❤❡ K✉♣♣♦MH
♦♥ H❤❡ ❜❡KH✲K❝♦M✐♥❣ ✭▼▲✮ HM❡❡ ✭❙H❛♠❛H❛❦✐K✱ ♣❡MK✳ ❝♦♠♠✳✱ ❚❤♦♠K♦♥ ❛♥❞ ❙❤❛✛❡M✱ ✷✵✶✵✮✳ ❚❤❡ ✉♥KH❛❜❧❡
♣♦K✐H✐♦♥ ✐K ♣M♦❜❛❜❧② M❡❧❛H❡❞ H♦ ❛ K②KH❡♠❛H✐❝ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ♠②M✐❛♣♦❞ ♠♦❧❡❝✉❧❛M ❡✈♦❧✉H✐♦♥ ✭K❡❡ ❛❧K♦
❝❤❛♣H❡M ✸✮✳ ❚♦ M❡K♦❧✈❡ H❤❡ ♠②M✐❛♣♦❞ ♣♦K✐H✐♦♥ ✐♥ H❤❡ ❛MH❤M♦♣♦❞ HM❡❡ ♦❢ ❧✐❢❡✱ H❤❡M❡ ✐K ❛ ❤✐❣❤ ❞❡♠❛♥❞ H♦
❜❡HH❡M ✉♥❞❡MKH❛♥❞ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ K✉❜KH✐H✉H✐♦♥ ♣M♦❝❡KK❡K ❛♠♦♥❣ ❛MH❤M♦♣♦❞K✳ ❊Q✉❛❧❧② ✐♠♣♦MH❛♥H ✐K H❤❡
✐♥❝❧✉K✐♦♥ ♦❢ ❣♦♦❞ Q✉❛❧✐H② ❞❛H❛ ♦❢ ❛❧❧ ♠②M✐❛♣♦❞ ❣M♦✉♣K ✐♥ ♣❤②❧♦❣❡♥♦♠✐❝ ❛♥❛❧②K❡K✳ ❈✉MM❡♥H❧②✱ ❞❛H❛ ❢M♦♠
H❤❡ K✐♥❣❧❡ ❝❤✐❧♦♣♦❞ M❡♣M❡K❡♥H❛H✐✈❡ ❙❝✉M✐❣❡O❛ ❧❛❝❦ ❣♦♦❞ Q✉❛❧✐H② ❛♥❞ ❣❡♥❡ ❝♦✈❡M❛❣❡✳ ❋✉MH❤❡M✱ H❤❡M❡ ❛M❡ ♥♦
❊❙❚ ❞❛H❛ ❢M♦♠ H✇♦ ♠♦M❡ ✐♠♣♦MH❛♥H ❛♥❝✐❡♥H ❧✐♥❡❛❣❡K✱ ❙②♠♣❤②❧❛ ❛♥❞ ❛✉M♦♣♦❞❛✳ ❆❞❞✐H✐♦♥❛❧❧②✱ ♥♦ ❊❙❚
❞❛H❛ ❛M❡ ❛✈❛✐❧❛❜❧❡ ❢M♦♠ M❡♠✐♣❡❞❡K ✭❝M✉KH❛❝❡❛♥K✮ ✇❤✐❝❤ ❛M❡ ❞✐K❝✉KK❡❞ ❛K ♣♦KK✐❜❧❡ ❝♦♠♠♦♥ ❛♥❝❡KH♦M
♦❢ ❆H❡❧♦❝❡M❛H❛ ✭❇u❝❦❡M ❡H ❛❧✳✱ ✷✵✵✽✮✳ ✐H❤ M❡K♣❡❝H H♦ H❤❡K❡ ❝❤❛❧❧❡♥❣❡K✱ ✇❡ ♠❛② ❜❡ ❛❜❧❡ H♦ M❡K♦❧✈❡
H❤❡ ♠②M✐❛♣♦❞ ♣♦K✐H✐♦♥ ❛♥❞ H❤✉K H❤❡ ▼❛♥❞✐❜✉❧❛H❛ ✲ ▼②M✐♦❝❤❡❧❛H❛ ❛♥❞ H❤❡ ❛♥❝M✉KH❛❝❡❛ ✲ ❆H❡❧♦❝❡M❛H❛
❝♦♥✢✐❝H ✐♥ ❢✉MH❤❡M KH✉❞✐❡K✳
^❧❛❝❡♠❡♥L ♦❢ ✇❛L❡P ❜❡❛PN ❛♥❞ ✈❡❧✈❡L ✇♦P♠N
❚❛M❞✐❣M❛❞❡K ✭✇❛H❡M ❜❡❛MK✮ ❛♥❞ ♦♥②❝❤♦♣❤♦M❛♥K ✭✈❡❧✈❡H ✇♦M♠K✮ ❞✐K♣❧❛② ❛ ♠♦K❛✐❝ ♦❢ ♣❧❡K✐♦♠♦M♣❤✐❝ ❛♥❞
❛✉H❛♣♦♠♦M♣❤✐❝ ❢❡❛H✉M❡K ♦❢ K❡❣♠❡♥H❛❧ ❞✐✛❡M❡♥H✐❛H✐♦♥✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ H❛M❞✐❣M❛❞❡K ❛♥❞ ♦♥②❝❤♦♣❤♦M❛♥K
✐K ❝M✉❝✐❛❧ H♦ M❡K♦❧✈❡ H❤❡ ❡✈♦❧✉H✐♦♥ ♦❢ ❡✳❣✳ K❡❣♠❡♥H❛H✐♦♥✱ ❛♣♣❡♥❞❛❣❡K✱ ❛♥❞ H❤❡ ❝❡♥HM❛❧ ♥❡M✈♦✉K K②KH❡♠
✭❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾❀ ❇✉❞❞ ❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✾✮✳
❚❛M❞✐❣M❛❞❡K✱ M❡♣M❡K❡♥H❡❞ ❜② H✇♦ K♣❡❝✐❡K ✐♥ H❤❡ ♣M❡K❡♥H ❊❙❚ ❛♥❛❧②K❡K✱ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ❛♥❞ ❝♦♥K✐K✲
H❡♥H❧② M❡❝♦♥KHM✉❝H❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ◆❡♠❛H♦❞❛ ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH ✐♥ ♥❡❛M❧② ❛❧❧ HM❡❡K ✭K❡❝H✐♦♥
✷✳✸✳✸✮✳ ❚❤✐K ✐K ✐♥ ❧✐♥❡ ✇✐H❤ M❡❝❡♥H ♠♦❧❡❝✉❧❛M KH✉❞✐❡K ❜❛K❡❞ ♦♥ ✈❛M✐♦✉K ❣❡♥❡ K❡❧❡❝H✐♦♥K ✭❇❛✉M❛✐♥ ❡H ❛❧✳✱
✷✵✵✼❀ ❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ▲❛MH✐❧❧♦H ❛♥❞ ❤✐❧✐♣♣❡✱ ✷✵✵✽❀ ❇❧❡✐❞♦M♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤✐K K✐KH❡M ❣M♦✉♣ M❡✲
❧❛H✐♦♥K❤✐♣ K✉❣❣❡KHK H❤❛H H❛M❞✐❣M❛❞❡K ❜❡❧♦♥❣ M❛H❤❡M H♦ ❈②❝❧♦♥❡✉M❛❧✐❛ ❛♥❞ ❛❧❧✐❡K ✭❆❣✉✐♥❛❧❞♦ ❡H ❛❧✳✱ ✶✾✾✼✮
H❤❛♥ H♦ ❛MH❤M♦♣♦❞K ✐♥❝❧✉❞✐♥❣ ♦♥②❝❤♦♣❤♦M❛♥K✳ ■♥ ❣❡♥❡M❛❧✱ ♠♦❧❡❝✉❧❛M✱ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♥❡✉M♦❛♥❛H♦♠✲
✐❝❛❧ KH✉❞✐❡K ❝♦♥K✐❞❡M H❤❡ ♣♦K✐H✐♦♥ ♦❢ H❛M❞✐❣M❛❞❡K ❛K ❛♠❜✐❣✉♦✉K✳ ❋♦M ❢✉MH❤❡M ❞✐K❝✉KK✐♦♥ M❡❢❡M H♦ ●✐M✐❜❡H
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❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾✮✳ ▼♦M♣❤♦❧♦❣✐❝❛❧❧②✱ ✈❡❧✈❡H ✇♦M♠K M❡K❡♠❜❧❡ ❡✉❛MH❤M♦♣♦❞✲❧✐❦❡ ❛♥✐♠❛❧K ✇✐H❤ ❛ M❡❞✉❝H✐♦♥
♦❢ ❧♦❝♦♠♦H♦M② ❝✐❧✐❛✱ ❛ ❜♦❞② ❝❛✈✐H② ✇✐H❤ ❛ ♣❡M✐❝❛M❞✐❛❧ K❡♣H✉♠✱ ❛ ❤❡❛MH ✇✐H❤ ♦KH✐❛✱ ❡H❝✳ ■♥ ❝♦♥HM❛KH✱ H❤❡②
❧❛❝❦ ❢♦M ❡①❛♠♣❧❡ ❛ ❝♦♠♣❧❡H❡ ❞✐K✐♥H❡❣M❛H✐♦♥ ♦❢ H❤❡ ♠✉K❝✉❧❛M H✉❜❡ ✐♥H♦ K❡❣♠❡♥H❛❧❧② ❛MM❛♥❣❡❞ ♠✉K❝❧❡
K②KH❡♠K✱ K❡❣♠❡♥H❛❧❧② ❛MM❛♥❣❡❞ K❝❧❡M♦H✐③❡❞ ❡①♦K❦❡❧❡H❛❧ KHM✉❝H✉M❡K✱ K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ▼❡✉K❡♠❛♥♥ ❡H ❛❧✳
✭✷✵✶✵✮✳ ❊❛M❧✐❡M ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M ❛♥❛❧②K❡K ♣❧❛❝❡ ♦♥②❝❤♦♣❤♦M❛♥K ❡✐H❤❡M ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦
✭❚❛M❞✐❣M❛❞❛✱❊✉❛MH❤M♦♣♦❞❛✮ ✭❇✉❞❞ ❛♥❞ ❚❡❧❢♦M❞✱ ✷✵✵✾✮ ♦M H♦ ❊✉❛MH❤M♦♣♦❞❛ ✭❘♦❡❞✐♥❣ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉✉♥♥
❡H ❛❧✳✱ ✷✵✵✽❀ ❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾✮✳ ❆ ❝❧❛❞❡ ✭❖♥②❝❤♦♣❤♦M❛✱❊✉❛MH❤M♦♣♦❞❛✮✱ ❝♦MM♦❜♦M❛H❡❞ ❜② H❤❡ ♣M❡K❡♥H
❛♥❛❧②K❡K✱ K✉❣❣❡KHK H❤❛H ❢✉❧❧② ❞✐✛❡M❡♥H✐❛H❡❞ K❡❣♠❡♥H❛H✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ❣❛♥❣❧✐♦♥✐③❛H✐♦♥ ♦❢ H❤❡ ❝❡♥HM❛❧ ♥❡M✲
✈♦✉K K②KH❡♠ ❡✈♦❧✈❡❞ ✐♥ ❛ ❝♦♠♠♦♥ KH❡♠✲❧✐♥❡❛❣❡ ♦❢ ♦♥②❝❤♦♣❤♦M❛♥K ❛♥❞ ❡✉❛MH❤M♦♣♦❞K✳ ❚❤✐K ✐♠♣❧✐❡K
H❤❛H ♦♥②❝❤♦♣❤♦M❛♥K ♣M✐♠❛M✐❧② ❧❛❝❦ ♠❛♥② ❝❤❛M❛❝H❡MK ♦❢ H❤❡ ❡✉❛MH❤M♦♣♦❞ ❜♦❞② ♦M❣❛♥✐③❛H✐♦♥ ✭❍♦✉ ❛♥❞
❇❡M❣KHM!♠✱ ✶✾✾✺❀ ❊❞❣❡❝♦♠❜❡✱ ✷✵✵✾✮✳ ❚❤❡ ✐♥H❡M♣M❡H❛H✐♦♥ ♦❢ H❤❡ ❢♦KK✐❧ M❡❝♦M❞ ♦❢ ✏❧♦❜♦♣♦❞✐❛♥✑✲❣M❛❞❡
♦M❣❛♥✐K♠K ❛K ♣♦KK✐❜❧❡ KH❡♠ ❣M♦✉♣ M❡♣M❡K❡♥H❛H✐✈❡K ♦❢ ❡✉❛MH❤M♦♣♦❞K ✐K ❛❧K♦ ❝♦♠♣❛H✐❜❧❡ ✇✐H❤ H❤✐K ❝♦♥❝❧✉✲
K✐♦♥ ✭❍♦✉ ❛♥❞ ❇❡M❣KHM!♠✱ ✶✾✾✺✮✳ ■♥ H❤❡ ♣M❡K❡♥H H❤❡K✐K✱ ❛ ♣❧❛❝❡♠❡♥H ♦❢ ✈❡❧✈❡H ✇♦M♠K ❛K K✐KH❡M ❣M♦✉♣ H♦
✭✭❚❛M❞✐❣M❛❞❛✱◆❡♠❛H♦❞❛✮❊✉❛MH❤M♦♣♦❞❛✮ ✐K ❝♦♥K✐❞❡M❡❞ ❛K ✉♥❧✐❦❡❧② ❞✉❡ H♦ ♠❡H❤♦❞♦❧♦❣✐❝❛❧ ❜✐❛K ✭K❡❡ K❡❝✲
H✐♦♥ ✷✳✹✳✶✮ ✇❤✐❝❤ ❤❛K ❜❡❡♥ M❡❝♦♥KHM✉❝H❡❞ ✐♥ H❤❡ ♣M❡K❡♥H ▼▲ HM❡❡ ❡①❝❧✉❞✐♥❣ ♣②❝♥♦❣♦♥✐❞K ❛♥❞ ♠②M✐❛♣♦❞K✳
◆❡✈❡MH❤❡❧❡KK✱ ♠♦❧❡❝✉❧❛M ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ ♦❢ H❛M❞✐❣M❛❞❡K ❛♥❞ ✈❡❧✈❡H ✇♦M♠K ❛M❡ KH✐❧❧ K♣❛MK❡✳ ❚❤❡K❡
H❛①❛ ♠❛② ❤✐❣❤❧② ✐♥✢✉❡♥❝❡ ❡❛M❧② ❡✉❛MH❤M♦♣♦❞ ✭▼❛♥❞✐❜✉❧❛H❛✱ ▼②M✐♦❝❤❡❧❛H❛✮ ♦M ❞❡❡♣❡M K♣❧✐HK ✭❡✳❣✳ ♣♦KK✐❜❧❡
❛♥❛MH❤M♦♣♦❞❛✮✳ ❚❤❡M❡❢♦M❡✱ ♠♦M❡ ❞❛H❛ ❛♥❞ ❝❛M❡❢✉❧ ❛♥❛❧②K❡K ❛M❡ ❝M✉❝✐❛❧ ❢♦M ❛ ♣❧❛✉K✐❜❧❡ M❡❝♦♥KHM✉❝H✐♦♥
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♦M ❛❧❡♦♣H❡M❛ ✭K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ❙✐♠♦♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ ♣M❡K❡♥H ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ ❛M❡ ✐♥❝♦♥❝❧✉K✐✈❡✳
❚❤❡ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❙❖❙ HM❡❡ ❞♦❡K ♥♦H K❤♦✇ ♦♥❡ ♦❢ H❤M❡❡ K✉❣❣❡KH❡❞ K❝❡♥❛M✐♦K ❜✉H✱ ❛❧❡♦♣H❡M❛
❛M❡ KHM♦♥❣❧② K✉♣♣♦MH❡❞ ✐♥ H❤❡ ❇❛②❡K✐❛♥ ❙❖❙ HM❡❡ ✭❋✐❣K✳ ✷✳✷✵✱ ✷✳✷✶✮✳ ❚❤✐K ❝♦♥HM❛KHK ✇✐H❤ H❤❡ KH✉❞②
♦❢ ❙✐♠♦♥ ❡H ❛❧✳ ✭✷✵✵✾✮ ✇❤✐❝❤ ❝♦MM♦❜♦M❛H❡K ❈❤✐❛KH♦♠②❛M✐❛✱ ❜✉H H❤❡✐M ❞❛H❛ K❡HK ✐♥❝❧✉❞❡ ❛ ❞✐✛❡M❡♥H
❣❡♥❡ K❡❧❡❝H✐♦♥ ❛♥❞ ❛ ♠✉❝❤ K♠❛❧❧❡M H❛①♦♥ K❛♠♣❧✐♥❣ ♦♥ ♣H❡M②❣♦H❡ ✐♥K❡❝HK H❤❛♥ ❛♥❛❧②K❡K ♦❢ H❤✐K H❤❡K✐K✳
▼❡H❛♣H❡M②❣♦H❛ ❤❛✈❡ ❜❡❡♥ ❢❛✈♦M❡❞ ❜② ❙H❛♥✐❝③❡❦ ✭✷✵✵✸✮ ❡①❛♠✐♥✐♥❣ KHM✉❝H✉M❡K ♦❢ H❤❡ ♣H❡M②❣♦H❡ ❤❡❛❞
❝❛♣K✉❧❡✳ ❚❤✐K KH✉❞② K✉❜KH❛♥H✐❛❧❧② ❧❛❝❦K ❞❛H❛ ❢M♦♠ ②❣♦♣H❡M❛ ❛♥❞ ❆♥✐K♦③②❣♦♣H❡M❛ ✭❖❞♦♥❛H❛✮✿ ♦♥❧②
♦♥❡ ❛♥✐K♦♣H❡M❛♥ K♣❡❝✐❡K ✐K ✐♥❝❧✉❞❡❞ ❛K M❡♣M❡K❡♥H❛H✐✈❡ ♦❢ ❖❞♦♥❛H❛✳ ❚❤♦M♦✉❣❤ ♠♦M♣❤♦❧♦❣✐❝❛❧ M❡❛♥❛❧②K❡K
♦❢ ♠❛♥❞✐❜❧❡ ♠✉K❝❧❡ KHM✉❝H✉M❡K ✇✐H❤✐♥ ❞M❛❣♦♥✲ ❛♥❞ ❞❛♠K❡❧✢✐❡K ❜❛K❡❞ ♦♥ ❝♦♠♣✉H❡M H♦♠♦❣M❛♣❤② ✭❈❚✮✱
❛❣❛✐♥ K✉♣♣♦MH ❛❧❡♦♣H❡M❛ ✭❇❧❛♥❦❡✱ ✉♥♣✉❜❧✐K❤❡❞ ❞❛H❛✱ ♣❡MK✳ ❝♦♠♠✳✮✳
❈✉MM❡♥H❧②✱ ❊❙❚ ❞❛H❛ ♦❢ ❖❞♦♥❛H❛ ❛♥❞ ❊♣❤❡♠❡M♦♣H❡M❛ ❛M❡ ♦♥❧② M❡♣M❡K❡♥H❡❞ ❜② ♦♥❡ K✐♥❣❧❡ K♣❡❝✐❡K ❡❛❝❤
✭❙✐♠♦♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❙H✐❧❧✱ ✐H ❧❛❝❦K ❞❛H❛ ❢M♦♠ ❞M❛❣♦♥✢✐❡K ✭❆♥✐K♦♣H❡M❛✮ ❛♥❞ ❆♥✐K♦③②❣♦♣H❡M❛✱ ❜✉H ✇✐❧❧
❜❡ ❝M✉❝✐❛❧ ✐♥ ❢✉H✉M❡ ❛♥❛❧②K❡K✳ ❉❛H❛ ❢M♦♠ ❜♦H❤ H❛①❛ ♠❛② ❤❡❧♣ H♦ ✐♠♣M♦✈❡ ❛ M♦❜✉KH HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳
❊①❛♠✐♥❛H✐♦♥ ♦❢ ❡❛M❧② ♣H❡M②❣♦H❡ M❡❧❛H✐♦♥K❤✐♣K K❤♦✉❧❞ ❝❛✉H✐♦✉K❧② ❝♦♥K✐❞❡M ❡✈♦❧✉H✐♦♥❛M② M❛H❡K ❛♥❞ ♣♦KK✐❜❧❡
✷✳✹✳ ❉✐K❝✉KK✐♦♥ ✼✼
❛MH✐❢❛❝HK ♦❢ ❛ M❛♣✐❞ ❣❡♥❡ ❡✈♦❧✉H✐♦♥ ✭❙✐♠♦♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❆♥❛❧②K❡K ♦❢ ❢❛KH ❛♥❞ K❧♦✇ ❡✈♦❧✈✐♥❣ ❣❡♥❡K✱ ❡✳❣✳
✉K✐♥❣ ❙❈❛❋♦❙ ✭❘♦✉M❡ ❡H ❛❧✳✱ ✷✵✵✼✮ ♦M ❙❧♦✇❋❛KH❡M ✭❑♦KH❦❛ ❡H ❛❧✳✱ ✷✵✵✽✮✱ ♠✐❣❤H ❜❡ ✇♦MH❤ ✐HK ❡✛♦MH H♦
M❡❧✐❛❜❧② M❡K♦❧✈❡ ❡❛M❧② ♣H❡M②❣♦H❡ K♣❧✐HK✳ ❉❡H❛✐❧❡❞ ❛♥❛❧②K❡K ♦❢ ❣❡♥❡K M❡K♣♦♥K✐❜❧❡ ❢♦M H❤❡ ❞❡✈❡❧♦♣♠❡♥H ♦❢
✇✐♥❣K✱ ✇✐♥❣✲M❡❧❛H❡❞ ♠✉K❝❧❡K ❛♥❞ ♣❤②K✐♦❧♦❣✐❝❛❧ M❡Q✉✐M❡♠❡♥HK H❤❛H ❡♥❛❜❧❡K ✢✐❣❤H ❛❧K♦ ♠❛② ♣M♦✈✐❞❡ K✉✐H❛❜❧❡
✐♥❢♦M♠❛H✐♦♥ ♦♥ ❛♥ ❡❛M❧② ❡✈♦❧✉H✐♦♥ ❛♥❞ M❡❧❛H✐♦♥K❤✐♣K ♦❢ ❖❞♦♥❛H❛ ❛♥❞ ❊♣❤❡♠❡M♦♣H❡M❛ ✇✐H❤ M❡K♣❡❝H H♦
◆❡♦♣H❡M❛✳ ❚❤❡M❡❢♦M❡✱ ❞❛H❛ ❢M♦♠ ❧❛M✈❛❡ ❛K ✇❡❧❧ ❛K ❛❞✉❧H K♣❡❝✐♠❡♥K ❛M❡ ✐♠♣♦MH❛♥H✳
❊♥❞♦♣L❡P②❣♦L❡ ✐♥N❡❝LN ❛♥❞ L❤❡ ♣♦N✐L✐♦♥ ♦❢ ❍②♠❡♥♦♣L❡P❛
✐H❤✐♥ ◆❡♦♣H❡M❛✱ M❡❧❛H✐♦♥K❤✐♣K ❛♠♦♥❣ ❡❛M❧② ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ❛M❡ ❛ ♠❛❥♦M ❢♦❝✉K ♦❢ K❝✐❡♥H✐✜❝ ❛❝H✐✈✲
✐H②✳ ■H ✐K KH✐❧❧ ✉♥❝❧❡❛M ✇❤❡H❤❡M ❈♦❧❡♦♣H❡M❛ ♦M ◆❡✉M♦♣H❡M♦✐❞❡❛ ❜M❛♥❝❤ ♦✛ ✜MKH✱ ♦M ✇❤❡H❤❡M ❤②♠❡♥♦♣H❡M❛♥K
❛M❡ ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛❧❧ ♦H❤❡M ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❑M✐KH❡♥K❡♥✱ ✶✾✾✾❀ ❑✉❦❛❧♦✈}✲❡❝❦ ❛♥❞ ▲❛✇M❡♥❝❡✱
✷✵✵✹❀ ❇❡✉H❡❧ ❛♥❞ ♦❤❧✱ ✷✵✵✻❀ ✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❆❧❧ ❛MH❤M♦♣♦❞ ❛♥❞ ❡♥❞♦♣H❡M②❣♦H❡ ❙❖❙ HM❡❡K
♦❢ H❤❡ ♣M❡K❡♥H H❤❡K✐K K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ❢♦M H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ✐♥❝❧✉❞❡❞ ❡♥❞♦♣H❡M②❣♦H❡ ♦M❞❡MK✳ ❍②✲
♠❡♥♦♣H❡M❛ ❛M❡ ✉♥❛♠❜✐❣✉♦✉K❧② M❡K♦❧✈❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❛❧❧ ♦H❤❡M ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❋✐❣K✳
✷✳✷✵✲✷✳✷✺✱ ❛♥❞ ✷✳✷✼✮✱ ✇✐H❤ ✈❛M✐♦✉K H❛①❛ K❡❧❡❝H✐♦♥ ✭❙❖❙ ♦❢ ❆:✷ ❛♥❞ ❆:✸♦:✮✱ ❞✐✛❡M❡♥H ❣❡♥❡ ❣M♦✉♣K
✭M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥K ✈❡ON✉N ♥♦♥✲M✐❜♦K♦♠❛❧ ♣M♦H❡✐♥K✱ ❋✐❣K✳ ❆✳✺✱ ❆✳✻✮ ♦M ❞✐✛❡M❡♥H ❣❡♥❡ K❡❧❡❝H✐♦♥ ✭❙❖❙ ♦❢
❆:✸♦: ❛♥❞ ❡♥❞♦♣H❡M②❣♦H❡ ❙❖❙✮✳ ❚❤✐K ✐K ✐♥ ❧✐♥❡ ✇✐H❤ ♣M❡✈✐♦✉K KH✉❞✐❡K ✭❙❛✈❛M❞ ❡H ❛❧✳✱ ✷✵✵✻❀ ✐❡❣♠❛♥♥
❡H ❛❧✳✱ ✷✵✵✾❀ ❙✐♠♦♥ ❡H ❛❧✳✱ ✷✵✵✾✮✱ ❜✉H ❝♦♥HM❛KHK ✇✐H❤ ❝♦♥❝❧✉K✐♦♥K ❜❛K❡❞ ♦♥ ❝♦♠♣❧❡H❡ ♠✐H♦❝❤♦♥❞M✐❛❧
❣❡♥♦♠❡K ✭❈❛KHM♦ ❛♥❞ ❉♦✇H♦♥✱ ✷✵✵✺✮✳ ❙✐♥❣❧❡ ♥✉❝❧❡❛M M❘◆❆ ❛♥❛❧②K❡K ❛❣❛✐♥ ❝♦MM♦❜♦M❛H❡ H❤✐K K❝❡♥❛M✐♦
✭K❡❡ ❝❤❛♣H❡M ✸✱ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡K ❛♥❞ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳✱ ✷✵✵✾✮✳ ■♥ ♥✉❝❧❡❛M M❘◆❆ KH✉❞✐❡K✱ H❤❡
♣❧❛❝❡♠❡♥H ♦❢ ❍②♠❡♥♦♣H❡M❛ K❡❡♠K ❞❡♣❡♥❞❡♥H ♦♥ K❡❧❡❝H❡❞ ♠♦❞❡❧ KHM❛H❡❣✐❡K ✭❝❢✳ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱
✷✵✵✻❀ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳✱ ✷✵✵✾❀ ▲❡HK❝❤ ❡H ❛❧✳✱ ✷✵✶✵✮✳ ■♥ H❤❡ KH✉❞② ♦❢ ✈♦♥ ❘❡✉♠♦♥H ❡H ❛❧✳ ✭✷✵✵✾✮✱
♠✐①❡❞ ♠♦❞❡❧ HM❡❡K K❤♦✇ ❍②♠❡♥♦♣H❡M❛ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❛❧❧ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ❆♣✲
♣❧✐❡❞ KH❛♥❞❛M❞ ❉◆❆ ♠♦❞❡❧K ♦♥ H❤❡ K❛♠❡ M❘◆❆ ❞❛H❛ K❡H ♣M❡K❡♥H❡❞ ✐♥ ❝❤❛♣H❡M ✸ ❝❛♥♥♦H M❡K♦❧✈❡ H❤❡
♣♦K✐H✐♦♥ ♦❢ ❤②♠❡♥♦♣H❡M❛♥K ✇✐H❤ M❡K♣❡❝H H♦ ❈♦❧❡♦♣H❡M❛✳ ■♥ H❤❡ KH✉❞② ♦❢ ▲❡HK❝❤ ❡H ❛❧✳ ✭✷✵✶✵✱ ❋✐❣K✳
✼✲✶✶✮✱ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ❍②♠❡♥♦♣H❡M❛ ✐K ✉♥KH❛❜❧❡ ❛❝❝♦M❞✐♥❣ H♦ ❞✐✛❡M❡♥H ❛❧✐❣♥♠❡♥H KHM❛H❡❣✐❡K ❛♥❞ ✴ ♦M
♠♦❞❡❧✐♥❣✳ ■♥ ❝♦♥HM❛KH✱ ♥✉❝❧❡❛M ♣M♦H❡✐♥ ❝♦❞✐♥❣ ❣❡♥❡K ♠❛② ♣M♦✈✐❞❡ ❛ KHM♦♥❣❡M K✐❣♥❛❧ ✐♥ ❢❛✈♦M ♦❢ ❍②✲
♠❡♥♦♣H❡M❛ ❛K K✐KH❡M ❣M♦✉♣ H♦ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ❊❙❚ ❛♥❛❧②K❡K ♦❢ H❤❡ ♣M❡K❡♥H H❤❡K✐K
❝♦MM♦❜♦M❛H❡ ❍②♠❡♥♦♣H❡M❛ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❛❧❧ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡K ✭K❡❝H✐♦♥ ✷✳✸✮✳ ❘❡K♦❧✉H✐♦♥
♦❢ H❤❡ ❤②♠❡♥♦♣H❡M❛♥ ♣♦K✐H✐♦♥ ✐K ✐♠♣♦MH❛♥H ✐♥ ✐♥H❡M♣M❡H✐♥❣ ❛♥❞ ✉♥❞❡MKH❛♥❞✐♥❣ ❡❛M❧② ❡①H✐♥❝H ❡♥❞♦♣H❡M②✲
❣♦H❡ ✐♥K❡❝HK ❛♥❞ H❤❡ ❡✈♦❧✉H✐♦♥ ♦❢ H❤✐K ♠♦KH K♣❡❝✐❡K✲M✐❝❤ ❣M♦✉♣ ♦❢ ❛MH❤M♦♣♦❞K✳ ❙H✐❧❧✱ H❤❡ ✐♥❝❧✉K✐♦♥ ♦❢
❙HM❡♣K✐♣H❡M❛✱ ◆❡✉M♦♣H❡M✐❞❛ ❛♥❞ ▼❡❝♦♣H❡M❛ M❡♠❛✐♥K ❝M✉❝✐❛❧ H♦ M❡K♦❧✈❡ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ❍②♠❡♥♦♣H❡M❛
❛K ❛❝❝✉M❛H❡❧② ❛K ♣♦KK✐❜❧❡✳ ▼♦❧❡❝✉❧❛M ❞❛H❛ ❛M❡ KH✐❧❧ K♣❛MK❡ ❛♥❞ ❛✈❛✐❧❛❜❧❡ ❊❙❚ ❞❛H❛ ❛M❡ ♦❢ ❧♦✇ Q✉❛❧✲
✐H② ✭●❡♥❇❛♥❦✱ ❛❝❝❡KK ❖❝H♦❜❡M ✷✵✶✵✮✳ ❚❤❡K❡ H❛①❛ ❛M❡ ❞✐K❝✉KK❡❞ ❛K ♣♦KK✐❜❧② ❞❡❡♣ ♣♦K✐H✐♦♥❡❞ ✇✐H❤✐♥
✭♦M KHM❡♣K✐♣H❡M❛♥K ❡✈❡♥ ♦✉HK✐❞❡✮ ❊♥❞♦♣H❡M②❣♦H❛✳ ❡H✱ ❝✉MM❡♥H KH✉❞✐❡K K✉❣❣❡KH ❝♦♥HM❛❞✐❝H✐♥❣ M❡K✉❧HK
❛♥❞ ❝♦♥K✐❞❡M ❞❡❡♣ ❡♥❞♦♣H❡M②❣♦H❡ M❡❧❛H✐♦♥K❤✐♣K ❛K ♥♦H ❝♦♠♣❧❡H❡❧② M❡K♦❧✈❡❞ ✭❇❡✉H❡❧ ❛♥❞ ●♦M❜✱ ✷✵✵✻❀
✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾❀ ❋M✐❡❞M✐❝❤ ❛♥❞ ❇❡✉H❡❧✱ ✷✵✶✵❀ ❇❡✉H❡❧ ❡H ❛❧✳✱ ✷✵✶✵❀ ▼❝❑❡♥♥❛ ❛♥❞ ❋❛MM❡❧❧✱ ✷✵✶✵✮✳
✼✽ ❈❤❛♣H❡M ✷✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥♦♠✐❝K
✷✳✺✳ ❈♦♥❝❧✉>✐♦♥>
❆♣♣❧✐❡❞ ♠❡H❤♦❞K ✐♥ H❤✐K KH✉❞②✱ ❢♦M ❡①❛♠♣❧❡✱ ❡✈❛❧✉❛H✐♦♥ ♦❢ ❞❛H❛ K❡HK ✇✐H❤ ▼❆❘❊ ❛♥❞ ❛♣♣❧②✐♥❣ M❡❞✉❝H✐♦♥
❤❡✉M✐KH✐❝K H♦ K❡❧❡❝H ♦♣H✐♠❛❧ K✉❜K❡HK✱ ❞❡♠♦♥KHM❛H❡ H❤❛H ❞❛H❛ Q✉❛❧✐H② ❛KK❡KK♠❡♥H ❝♦♥K✐❞❡M✐♥❣ ✐♥❢♦M♠❛H✐♦♥
❝♦♥H❡♥H ❛♥❞ ❛ ❝❛✉H✐♦✉K K❡❧❡❝H✐♦♥ ♦❢ ❞❛H❛ K❡HK ♣❛② ♦✛ ✇✐H❤✐♥ ♣❤②❧♦❣❡♥♦♠✐❝K✳ ❚❤❡K❡ ♠❡H❤♦❞K ❝❛♥ ❜❡
M❡❝♦♠♠❡♥❞❡❞ ❢♦M ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ ✐♥ ❣❡♥❡M❛❧✳ ❙H✐❧❧✱ K❡✈❡M❛❧ ❡✛❡❝HK✱ ❢♦M ❡①❛♠♣❧❡ ❛♥ ✐♠♣❛❝H ♦❢
♣M♦H❡♦♠❡ K♣❡❝✐❡K ❛♥❞ K✐♥❣❧❡ H❛①❛ ♦♥ H❤❡ HM❡❡ H♦♣♦❧♦❣② ❛M❡ ♥♦H ✇❡❧❧ ✉♥❞❡MKH♦♦❞✳ ❚❤✐K ✐K ✐♥ ♣❛MH✐❝✉❧❛M
♦❜✈✐♦✉K ❝♦♥K✐❞❡M✐♥❣ ❝❧❛❞❡K ❧✐❦❡ ❊♥H♦❣♥❛H❤❛ ♦M ▼❛♥❞✐❜✉❧❛H❛ ✴ ▼②M✐♦❝❤❡❧❛H❛✳ ❚❤❡② K❡❡♠ ✈❡M② K❡♥K✐H✐✈❡
H♦ H❛①❛✴❣❡♥❡ K❡❧❡❝H✐♦♥ ❛♥❞ H♦ ❞✐✛❡M❡♥H M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K✳ ❤✐❧❡ ❊✉❛MH❤M♦♣♦❞❛✱ ❛♥❝M✉KH❛❝❡❛
❛♥❞ ❍❡①❛♣♦❞❛ ✐♥❝❧✉❞✐♥❣ ♣M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞K✱ ❊❝H♦❣♥❛H❤❛✱ ❊♥❞♦♣H❡M②❣♦H❛ ❛♥❞ ❤②♠❡♥♦♣H❡M❛♥K
❛K K✐KH❡M ❣M♦✉♣H H♦ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡K ❛M❡ M♦❜✉KH❧② M❡K♦❧✈❡❞✱ ✐♥❢❡M❡♥❝❡ ♦❢ H❤❡ ❤❡①❛♣♦❞ K✐KH❡M
❣M♦✉♣ ❛♥❞ ❊♥H♦❣♥❛H❤❛ M❡♠❛✐♥K ❞✐✣❝✉❧H✳ ❈✉MM❡♥H ❞❛H❛ K❡HK✱ ✇❤✐❝❤ ❝♦♠♣M✐K❡ H❤❡ ❧❛M❣❡KH ♣❤②❧♦❣❡♥♦♠✐❝
KH✉❞② ❢♦M ❛MH❤M♦♣♦❞K✱ ✭♥♦H ✉♥❡Q✉✐✈♦❝❛❧❧②✮ K✉♣♣♦MH ❊♥H♦❣♥❛H❤❛ ✇✐H❤ ❛ ❤✐❣❤ K✉♣♣♦MH ❢♦M ❛ K✐KH❡M ❣M♦✉♣
M❡❧❛H✐♦♥K❤✐♣ ♦❢ ♣M♦H✉M❛♥K ❛♥❞ ❞✐♣❧✉M❛♥K ✭◆♦♥♦❝✉❧❛H❛✮✳ ❈✉MM❡♥H❧②✱ H❤❡M❡ ✐K ♥♦ ❛❧H❡M♥❛H✐✈❡ ❤②♣♦H❤❡K✐K
✇❤✐❝❤ ❣❛✐♥K ♠♦M❡ K✉♣♣♦MH ❢M♦♠ ♠✉❧H✐✲❣❡♥❡ ❛♣♣M♦❛❝❤❡K✳ ❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ K♦♠❡ H❛①❛ ✐K KH✐❧❧ ♣M♦❜❧❡♠❛H✐❝
❡✈❡♥ ✐♥ H❤✐K ♣❤②❧♦❣❡♥♦♠✐❝ ❛♣♣M♦❛❝❤✱ ❢♦M ❡①❛♠♣❧❡ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♠②M✐❛♣♦❞K ✇❤✐❝❤ ❝♦✉❧❞ ♥♦H ❝❧❡❛M❧②
❜❡ ❛❞❞M❡KK❡❞✳ ❆❞♠✐HH❡❞❧②✱ H❤❡ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ❢♦M ♠②M✐❛♣♦❞K ✐K ♥♦H H❤❛H ❣♦♦❞✱ ❜✉H ❛♣♣❧✐❡❞ ♠❡H❤♦❞K
♣♦✐♥H H♦✇❛M❞K ❛ K②KH❡♠❛H✐❝ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ♠②M✐❛♣♦❞ ♠♦❧❡❝✉❧❛M ❡✈♦❧✉H✐♦♥✳ ❙H✐❧❧✱ ❊❙❚ ❞❛H❛ ❛M❡ ♠✐KK✐♥❣
❢M♦♠ ✐♠♣♦MH❛♥H H❛①❛✱ ❡✳❣✳ ❙②♠♣❤②❧❛✱ ❛✉M♦♣♦❞❛✱ ❘❡♠✐♣❡❞✐❛✱ ②❣❡♥H♦♠❛✱ ✇❤✐❝❤ ❛M❡ ❝M✉❝✐❛❧ ❢♦M H❤❡
❛MH❤M♦♣♦❞ HM❡❡ ♦❢ ❧✐❢❡✳ ❆♣♣❧✐❡❞ ♠❡H❤♦❞K ✐♥ H❤❡ ❝✉MM❡♥H H❤❡K✐K ❛M❡ ♣M♦♠✐K✐♥❣ ❢♦M ❤✐❣❤ Q✉❛❧✐H② ❛♥❛❧②K❡K✱
❜✉H ❛M❡ ✇♦MH❤ H♦ M❡✜♥❡✳ ■♥ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✱ H❤❡M❡ ✐K ❛ ❤✐❣❤ ♥❡❡❞ H♦ ✉♥❞❡MKH❛♥❞ ❛♥❞ H♦ ❤❛♥❞❧❡
♣M♦♣❡M❧② ✬M♦❣✉❡✬ H❛①❛✳ ❆❞❞✐H✐♦♥❛❧❧②✱ ❊❙❚ ❞❛H❛ ❢M♦♠ ✉♣❝♦♠✐♥❣ ✹✺✹ H❡❝❤♥✐Q✉❡K ✇✐❧❧ M❡Q✉✐M❡ ♠✉❝❤ ♠♦M❡
❝♦♠♣✉H❛H✐♦♥❛❧ ♣♦✇❡M ❛♥❞ ❛ ❝❛M❡❢✉❧ ❞❛H❛ ❛KK❡♠❜❧② ❛♥❞ ♣M♦❝❡KK✐♥❣ H❡❝❤♥✐Q✉❡K✳ ❚❤✐K ♣❤②❧♦❣❡♥♦♠✐❝
KH✉❞②✱ ❛❧H❤♦✉❣❤ M❛✐K✐♥❣ ❤♦♣❡ H♦ M❡❛❝❤ ❛ M❡K♦❧✈❡❞ ❛MH❤M♦♣♦❞ HM❡❡✱ KH✐❧❧ ❢❛❝❡K ❝❤❛❧❧❡♥❣❡K ✐♥ ✐♥H❡M♣M❡H✐♥❣
H❤❡ KHM❡♥❣H❤ ❛♥❞ Q✉❛❧✐H② ♦❢ H❤❡ ♣❤②❧♦❣❡♥❡H✐❝ K✐❣♥❛❧✳ ♥M❡K♦❧✈❡❞ ✐♥❝♦♥❣M✉❡♥❝✐❡K ❜❡H✇❡❡♥ ♠♦M♣❤♦❧♦❣✐❝❛❧
❛♥❞ ♠♦❧❡❝✉❧❛M ❛♥❛❧②K❡K K❤♦✉❧❞ ❝❤❛❧❧❡♥❣❡ K②KH❡♠❛H✐KHK H♦ ♣M❡K❡♥H H❤❡ KHM❡♥❣H❤✱ Q✉❛❧✐H② ❛♥❞ ❞❡✜❝✐❡♥❝✐❡K
♦❢ H❤❡✐M ❡✈✐❞❡♥❝❡✱ ❛♥❞ ✇♦M❦ H♦✇❛M❞K M❡K♦❧✈✐♥❣ ♦✉HKH❛♥❞✐♥❣ ✐KK✉❡K✳
✸✳ ❆A=❤A♦♣♦❞ 7❤②❧♦❣❡♥②
✐♥❢❡AA❡❞ ❢A♦♠ ♥✉❝❧❡❛A A❘◆❆? ❣❡♥❡?
✸✳✶✳ ❇❛❝❦❣@♦✉♥❞
❘✐❜♦N♦♠❛❧ ❘◆❆ ❣❡♥❡N ❛♥❞ ✐LN ✉N❡ ❢♦P ♣❤②❧♦❣❡♥❡L✐❝ ✐♥❢❡P❡♥❝❡
❚❤❡ ❧❛M❣❡ ✭✷✽❙✮ ❛♥❞ H❤❡ K♠❛❧❧ ✭✶✽❙✮ ♥✉❝❧❡❛M M✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡ ❛M❡ ♣♦♣✉❧❛M ♠❛M❦❡MK ❢♦M ✐♥❢❡MM✐♥❣ ❞❡❡♣
♣❤②❧♦❣❡♥✐❡K✳ ❙H✉❞✐❡K ❢♦❝✉K✐♥❣ ♦♥ H❤❡ M❡❝♦♥KHM✉❝H✐♦♥ ♦❢ ❛♥❝✐❡♥H K♣❧✐HK ✐♥ ♠❡H❛③♦❛♥K✱ ❛♥❞ ❢♦M ❡①❛♠♣❧❡
✐♥ ❛MH❤M♦♣♦❞K ♦M ❛MH❤M♦♣♦❞ K✉❜❣M♦✉♣K ❤❛✈❡ M❡❧✐❡❞ ♦♥ H❤❡K❡ ♠❛M❦❡MK ✭❡✳❣✳ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀
▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵❀ ❑❥❡M✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦
❡H ❛❧✳✱ ✷✵✵✾❀ ▲❡HK❝❤ ❡H ❛❧✳✱ ✷✵✵✾✮✳
❘✐❜♦K♦♠❛❧ ❘◆❆ ❣❡♥❡K ❛M❡ KHM✉❝H✉M❛❧ ❣❡♥❡K ❛♥❞ ❡①❤✐❜✐H ❧♦♦♣ ❛♥❞ KH❡♠ M❡❣✐♦♥K✳ ✐H❤✐♥ ❧♦♦♣K✱ ♥✉✲
❝❧❡♦H✐❞❡ K✐H❡K ❛M❡ ✉♥♣❛✐M❡❞ ❛♥❞ ❡✈♦❧✈❡ ✐♥❞❡♣❡♥❞❡♥H❧②✳ ✐H❤✐♥ KH❡♠ M❡❣✐♦♥K✱ ❛ ♥✉❝❧❡♦H✐❞❡ K✐H❡ ❤❛K ❛
❝♦MM❡K♣♦♥❞✐♥❣ ♣❛✐M✐♥❣ K✐H❡✳ ❙H❡♠K ❝♦♥HM✐❜✉H❡ H♦ ❛ K❡❝♦♥❞❛M② KHM✉❝H✉M❡ ♦❢ M❘◆❆ ♠♦❧❡❝✉❧❡K H❤❛H ❢♦M♠
K✉❜✉♥✐HK ♦❢ M✐❜♦K♦♠❡K✳ ❙HM✉❝H✉M❡ ❢❡❛H✉M❡K ✭K❡❝♦♥❞❛M② ❛♥❞ H❡MH✐❛M② KHM✉❝H✉M❡K✮ ♠❛✐♥H❛✐♥ ❢✉♥❝H✐♦♥K ✇✐H❤✐♥
❛ M✐❜♦K♦♠❡ ❛♥❞ ❛M❡ H❛M❣❡HK ♦❢ ♥❛H✉M❛❧ K❡❧❡❝H✐♦♥✳ M✐♠❛M② K❡Q✉❡♥❝❡K ♠❛② ✈❛M② ❛K ❧♦♥❣ ❛K ❢✉♥❝H✐♦♥❛❧
❞♦♠❛✐♥K ❛M❡ KHM✉❝H✉M❛❧❧② M❡H❛✐♥❡❞✳ ❙H❡♠ M❡❣✐♦♥K ✉♥❞❡M❧② ❝♦♠♣❡♥K❛H♦M② ♠✉H❛H✐♦♥K✿ ♠✉H❛H✐♦♥ ♦❢ ❛ K✐♥❣❧❡
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❡❛❦ ❈❘ ♣M♦❞✉❝HK ✇❡M❡ ♣♦♦❧❡❞ ❢♦M ♣✉M✐✜❝❛H✐♦♥✳ ■♥ ❝❛K❡ ♦❢ ♠✉❧H✐♣❧❡ ❜❛♥❞K✱ ❢M❛❣♠❡♥HK ✇✐H❤ ❡①♣❡❝H❡❞
K✐③❡ ✇❡M❡ ❝✉H ❢M♦♠ ✶✕ ✶✳✺✪ ❛❣❛M♦K❡ ❣❡❧ ❛♥❞ ♣✉M✐✜❡❞ ❛❝❝♦M❞✐♥❣ H♦ ♠❛♥✉❢❛❝H✉✡M❡MK ♣M♦H♦❝♦❧ ✭◆✉❝❧❡♦❙♣✐♥
❊①HM❛❝H ■■✱ ▼❛❝❤❡M❡②✲◆❛❣❡❧✮✳ ❉◆❆ ❝♦♥❝❡♥HM❛H✐♦♥ ✇❛K ♠❡❛K✉M❡❞ ✇✐H❤ ❛ ♠❛KK ♠❛M❦❡M ✭❇✐♦❘❛❞✮ ❛♥❞ ✇✐H❤
❛ ◆❛♥♦❞M♦♣ ❙♣❡❝HM♦♣❤♦H♦♠❡H❡M ◆❉✲✶✵✵✵ ✭♣❡Q▲❛❜✮✳ ❈②❝❧❡ ❙❡Q✉❡♥❝✐♥❣ ✭❈❙✮ M❡❛❝H✐♦♥K ✇❡M❡ ♣❡M❢♦M♠❡❞
✉K✐♥❣ ❉◆❆ ◗✉✐❝❦ ❙H❛MH ▼❛KH❡M♠✐① ✭❇❡❝❦♠❛♥ ❈♦✉❧H❡M✮✳ ❈❙ ♣M♦❞✉❝HK ✇❡M❡ ❡H❤❛♥♦❧✲♣M❡❝✐♣✐H❛H❡❞ ♦M
✽✹ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
♣✉M✐✜❡❞ ✇✐H❤ ❛ ❈❧❡❛♥❙❡Q ♠❛❣♥❡H✐❝ ❜❡❛❞ K②KH❡♠ ✭❆❣❡♥❝♦✉MH✮✳ ❉♦✉❜❧❡ KHM❛♥❞❡❞ ❙❛♥❣❡M✲K❡Q✉❡♥❝✐♥❣
✇❛K ❝♦♥❞✉❝H❡❞ ♦♥ ❇❡❝❦♠❛♥ ❈♦✉❧H❡M ❝❛♣✐❧❧❛M② K❡Q✉❡♥❝❡MK ❈❊◗❚▼ ✽✵✵✵ ❛♥❞ ❈❊◗❚▼ ✽✽✵✵✳ ❋❡✇






















































































ITS 1 ITS 2
❋✐❣✉M❡ ✸✳✶✳✿ eA✐♠❡A ❝❛A❞ ❢♦A >❤❡ ❛♠♣❧✐✜❝❛>✐♦♥ ♦❢ >❤❡ ✶✽❙ ✉@❡❞ ❢♦A ❤❡①❛♣♦❞@ ❛♥❞ ♠②A✐❛♣♦❞@✳ e♦@✐>✐♦♥@ ♦❢ ❢♦A✇❛A❞
♣A✐♠❡A@✿ ❣A❡❡♥ ❛AA♦✇@❀ ♣♦@✐>✐♦♥@ ♦❢ A❡✈❡A@ ♣A✐♠❡A@✿ ❜❧✉❡ ❛AA♦✇@✳ ❉✐✛❡A❡♥> ♣A✐♠❡A@ >❤❛> ❞♦❝❦ ♦♥ @✐♠✐❧❛A
♣♦@✐>✐♦♥@ ❛A❡ ❣✐✈❡♥ ❛> ❛ @✐♥❣❧❡ ❛AA♦✇✳
✸✳✷✳✸✳ ❙❡H✉❡♥❝❡ ❡❞✐B✐♥❣✱ H✉❛❧✐B② ❝❤❡❝❦ ❛♥❞ ❞❛B❛ D❡B✉♣
❙❡Q✉❡♥❝❡ ❡❧❡❝HM♦♣❤❡M♦❣M❛♠K ✇❡M❡ ❛♥❛❧②③❡❞ ❛♥❞ ❛KK❡♠❜❧❡❞ ✐♥H♦ ❝♦♥K❡♥K✉K K❡Q✉❡♥❝❡K ✇✐H❤ ❙❡Q▼❛♥
✭❉◆❆❙H❛M ▲❛K❡M❣❡♥❡✮ ♦M ❇✐♦❊❞✐H ✼✳✵ ✭❍❛❧❧✱ ✶✾✾✾✮✳ ❈♦♥K❡♥K✉K K❡Q✉❡♥❝❡K ✇❡M❡ ❝❤❡❝❦❡❞ ✐♥ ◆❈❇■
✉K✐♥❣ ❇▲❆❙❚◆✱ ♠❡❣❛ ❇▲❆❙❚ ♦M ✏❇▲❆❙❚ ✷ ❙❊◗❊◆❈❊❙✑ ✭❚❛H✉K♦✈❛ ❛♥❞ ▼❛❞❞❡♥✱ ✶✾✾✾✮ H♦ ❡①❝❧✉❞❡
❝♦♥H❛♠✐♥❛H✐♦♥✳ ❆❞❞✐H✐♦♥❛❧❧②✱ K❡Q✉❡♥❝❡K ✇❡M❡ ♣M♦✈✐❞❡❞ ❢M♦♠ ❝♦♦♣❡M❛H✐♦♥ ♣❛MH♥❡MK ❛♥❞ ❞♦✇♥❧♦❛❞❡❞ ❢M♦♠
●❡♥❇❛♥❦✱ ◆❈❇■✳ ■♥ H♦H❛❧✱ ✶✹✽ ❝♦♥❝❛H❡♥❛H❡❞ ✶✽❙ ❛♥❞ ✷✽❙ M❘◆❆ K❡Q✉❡♥❝❡K ✇❡M❡ ✐♥❝❧✉❞❡❞ ✐♥ ❛♥❛❧②K❡K✳
❖♥❧② K❡Q✉❡♥❝❡K ✇❡M❡ ❝♦♥K✐❞❡M❡❞✱ ✇❤✐❝❤ K♣❛♥ ❛H ❧❡❛KH ✶✱✺✵✵ ❜♣ ❢♦M H❤❡ ✶✽❙ ❛♥❞ ✸✱✵✵✵ ❜♣ ❢♦M H❤❡ ✷✽❙
✭❚❛❜✳ ❆✳✽✮✳ ❋♦M ✷✾ H❛①❛✱ ✶✽❙ ❛♥❞ ✷✽❙ M❘◆❆ K❡Q✉❡♥❝❡K ✇❡M❡ ❝♦♥❝❛H❡♥❛H❡❞ ❢M♦♠ ❞✐✛❡M❡♥H K♣❡❝✐❡K
✭❚❛❜✳ ❆✳✶✵✮✳ ❙♣❡❝✐❡K ✇❡M❡ ❝❤♦K❡♥ ❛K ❝❧♦K❡❧② M❡❧❛H❡❞ ❛K ♣♦KK✐❜❧❡✳ ▼✐❧♥❡N✐✉♠ K♣✳ ✭❚❛M❞✐❣M❛❞❛✮ ✇❛K
✐♥❝❧✉❞❡❞ ❛K ♦✉H❣M♦✉♣ H❛①♦♥✳
✸✳✷✳✹✳ ❆❧✐❣♥♠❡♥B ❛♥❞ ❛❧✐❣♥♠❡♥B ♠❛D❦✐♥❣
❙❡❝♦♥❞❛P② NLP✉❝L✉P❡ ❣✉✐❞❡❞ ❛❧✐❣♥♠❡♥LN
❙❡❝♦♥❞❛M② KHM✉❝H✉M❡K ♦❢ M❘◆❆ ❣❡♥❡K ✇❡M❡ ❝♦♥K✐❞❡M❡❞ H♦ ✐♠♣M♦✈❡ K❡Q✉❡♥❝❡ ❛❧✐❣♥♠❡♥H✱ ❛K ❛❞✈♦❝❛H❡❞ ✐♥
❑❥❡M ✭✶✾✾✺✮❀ ❍✐❝❦K♦♥ ❡H ❛❧✳ ✭✷✵✵✵✮❀ ❇✉❝❦❧❡② ❡H ❛❧✳ ✭✷✵✵✶✮ ❛♥❞ ▼✐K♦❢ ❡H ❛❧✳ ✭✷✵✵✻✮✳ ❇♦H❤ ❣❡♥❡K ✇❡M❡
K❡♣❛M❛H❡❧② ♣M❡❛❧✐❣♥❡❞ ✇✐H❤ ▼❙❈▲❊ ✈✸✳✻ ✭❊❞❣❛M✱ ✷✵✵✹❜✮✳ ❙❡Q✉❡♥❝❡K ♦❢ ✷✹ ♣H❡M②❣♦H❡K ✇❡M❡ ❛❞❞❡❞
❛♣♣❧②✐♥❣ ❛ ♣M♦✜❧❡ H♦ ♣M♦✜❧❡ ❛❧✐❣♥♠❡♥H ✭❊❞❣❛M✱ ✷✵✵✹❛✮✳ ✷✽❙ K❡Q✉❡♥❝❡K ♦❢ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ♠❛❝O❛❝❛♥M❤❛
✭❈❡♣❤❛❧♦❝❛M✐❞❛✮✱ ❙♣❡❧❡♦♥❡❝M❡N M✉❧✉♠❡♥N✐N ✭❘❡♠✐♣❡❞✐❛✮✱ ❘❛✐❧❧✐❡M✐❡❧❧❛ K♣✳ ✭❡♥H❛KH♦♠✐❞❛✮✱ ❊♦N❡♥M♦♠♦♥
K♣✳ ✭M♦H✉M❛✮ ❛♥❞ ▲❡♣✐N♠❛ N❛❝❝❤❛O✐♥❛ ✭②❣❡♥H♦♠❛✮ ✇❡M❡ ✐♥❝♦♠♣❧❡H❡✳ ❆♣❛MH ❢M♦♠ ▲✳ N❛❝❝❤❛O✐♥❛✱
♣M❡❛❧✐❣♥♠❡♥HK ♦❢ H❤❡K❡ H❛①❛ ✇❡M❡ ♠❛♥✉❛❧❧② ❝♦MM❡❝H❡❞❀ ❝♦MM❡❝H ♣♦K✐H✐♦♥K ♦❢ ❡❛❝❤ K❡Q✉❡♥❝❡ ❢M❛❣♠❡♥H
✇❡M❡ ✐❞❡♥H✐✜❡❞ ❜② ✏❇▲❆❙❚ ✷ ❙❊◗❊◆❈❊❙✑ ✭◆❈❇■ ❇❧❛KH✮✳
❚❤❡ ✷✽❙✰ ✺✳✽❙ ✭✺✸✽✼✾✮ ❛♥❞ ✶✽❙ ✭✵✶✸✸✺✮ ❢M♦♠ ❙❛❝❝❤❛O♦♠②❝❡N ❝❡O❡✈✐N❛❡ ❛♥❞ ❝♦MM❡K♣♦♥❞✐♥❣
K❡❝♦♥❞❛M② KHM✉❝H✉M❡K ✇❡M❡ ❡①HM❛❝H❡❞ ❢M♦♠ H❤❡ ❊✉M♦♣❡❛♥ ❘✐❜♦K♦♠❛❧ ❉❛H❛❜❛K❡ ✭❛♥ ❞❡ ❡❡M ❡H ❛❧✳✱
✷✵✵✵❀ ✉②HK ❡H ❛❧✳✱ ✷✵✵✷✱ ✷✵✵✹✮✳ ❚❤❡ ✺✳✽❙ ✇❛K ✐♥❝❧✉❞❡❞ ✐♥ H❤❡ ❝♦♥KHM❛✐♥H H♦ ❛✈♦✐❞ ❛MH✐✜❝✐❛❧ KH❡♠K ❞✉❡
H♦ ❢♦❧❞✐♥❣ ✐♥H❡M❛❝H✐♦♥K ❜❡H✇❡❡♥ ✷✽❙ ❛♥❞ ✺✳✽❙ ✭▼✐❝❤♦H ❡H ❛❧✳✱ ✶✾✽✸❀ ●✐❧❧❡K♣✐❡ ❡H ❛❧✳✱ ✷✵✵✺❜✱❛✮✳ ❙HM✉❝H✉M❡
KHM✐♥❣K ✇❡M❡ ❝♦♥✈❡MH❡❞ ✐♥H♦ ❞♦H✲❜M❛❝❦❡H✲❢♦M♠❛H ✉K✐♥❣ ❡M❧ K❝M✐♣HK✳ ❆❧✐❣♥♠❡♥H K❡❝H✐♦♥K ♣M❡K✉♠❛❜❧②
✐♥✈♦❧✈❡❞ ✐♥ ❢♦M♠❛H✐♦♥ ♦❢ ♣K❡✉❞♦✲❦♥♦HK ✇❡M❡ ❧♦❝❦❡❞ ❢M♦♠ ❢♦❧❞✐♥❣✳ K❡✉❞♦✲❦♥♦HK ✐♥ ❙❛❝❝❤❛O♦♠②❝❡N
❝❡O❡✈✐N❛❡ ❛M❡ ❦♥♦✇♥ ❢♦M H❤❡ ✶✽❙ ✭KH❡♠ ✶ ❛♥❞ KH❡♠ ✷✵✱ ✹✲M❡❣✐♦♥✿ KH❡♠ ❊✷✸✾✱ ❊✷✸✶✵✱ ❊✷✸✶✶
❛♥❞ ❊✷✸✶✸✮✳ M❡❛❧✐❣♥♠❡♥HK ❛♥❞ KHM✉❝H✉M❡ ❝♦♥KHM❛✐♥HK K❡M✈❡❞ ❛K ✐♥♣✉H ❢♦M KHM✉❝H✉M❡ ❣✉✐❞❡❞ ❛❧✐❣♥♠❡♥HK
✸✳✷✳ ▼❛H❡M✐❛❧K ✫ ▼❡H❤♦❞K ✽✺
✇✐H❤ ❘◆❆K❛❧K❛ ✭❙H♦❝K✐HK ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❘◆❆K❛❧K❛ ❛❧✐❣♥♠❡♥HK M❛♥ ✇✐H❤ ❞❡❢❛✉❧H K❡HH✐♥❣K✳
❉✉❡ H♦ ♠✐KK✐♥❣ ♣❛MHK ♦❢ H❤❡ ✶✽❙ ♦❢ ❙♣❡❧❡♦♥❡❝M❡N M✉❧✉♠❡♥N✐N ❛♥❞ H❤❡ ✷✽❙ ♦❢ ❘❛✐❧❧✐❡M✐❡❧❧❛ K♣✳✱
❝❤✐♠❡M❛♥ K❡Q✉❡♥❝❡K ✇❡M❡ ❣❡♥❡M❛H❡❞ ♠❛♥✉❛❧❧② ✭❙✳ M✉❧✉♠❡♥N✐N✿ ❊✸✼✵✹✸✶✱ ▲✽✶✾✸✻✿ ✶✽❙❀ ❘❛✐❧❧✐❡M✐❡❧❧❛
K♣✳✿ ❊✸✼✵✹✹✽✱ ❆✼✹✹✽✾✹✿ ✷✽❙✮✳ ❋♦M ❙♣❡❧❡♦♥❡❝M❡N✱ ♣♦K✐H✐♦♥ ✶✕✶✻✹✹ ✭▲✽✶✾✸✻✮ ❛♥❞ ♣♦K✐H✐♦♥ ✶✻✹✺✕
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❤❡H❡M♦❣❡♥❡✐H② ✇❛K ♠♦❞❡❧❡❞ ❜② ❛ ❞✐K❝M❡H❡ ❣❛♠♠❛ ❞✐KHM✐❜✉H✐♦♥ ✭❛♥❣✱ ✶✾✾✹✮ ✇✐H❤ K✐① ❝❛H❡❣♦M✐❡K✳ ❚❤❡
❡①H❡♥H ♦❢ ✐♥✈❛M✐❛❜❧❡ ❝❤❛M❛❝H❡MK ✇❛K ♥♦H ❡KH✐♠❛H❡❞✳ ❈♦♥K✐❞❡M✐♥❣ ✐♥✈❛M✐❛❜❧❡ ❝❤❛M❛❝H❡MK ✇❛K M❡❝♦♠♠❡♥❞❡❞
❜② ✭❙❤♦❡♠❛❦❡M ❛♥❞ ❋✐H❝❤✱ ✶✾✽✾✮✳ ■H ❤❛K ❜❡❡♥ K❤♦✇♥ H❤❛H ❛♥ ❡KH✐♠❛H✐♦♥ ♦❢ ✐♥✈❛M✐❛❜❧❡ K✐H❡K KHM♦♥❣❧②
❝♦MM❡❧❛H❡K ✇✐H❤ ❛♥ ❡KH✐♠❛H✐♦♥ ♦❢ ❣❛♠♠❛ K❤❛♣❡ ♣❛M❛♠❡H❡M ✭❛♥❣✱ ✶✾✾✻❀ ❛❞❞❡❧❧ ❡H ❛❧✳✱ ✶✾✾✼❀ ❙✉❧❧✐✈❛♥
❛♥❞ ❙✇♦✛♦M❞✱ ✷✵✵✶❀ ❑❡❧❝❤♥❡M ❛♥❞ ❚❤♦♠❛K✱ ✷✵✵✼✮✳ ❚❤❡ ❝♦♥❝❛H❡♥❛H❡❞ ❞❛H❛ K❡H ✇❛K ❞✐✈✐❞❡❞ ✐♥H♦
❢♦✉M ♣❛MH✐H✐♦♥K ✭❧♦♦♣ ✴ KH❡♠✱ ✶✽❙ ❛♥❞ ❧♦♦♣ ✴ KH❡♠ ✷✽❙✮ ✇✐H❤ M❡K♣❡❝H H♦ ❞✐✛❡M❡♥H ❡✈♦❧✉H✐♦♥❛M② M❛H❡K
❢♦M ♥✉❝❧❡❛M M❘◆❆ ❣❡♥❡K ✭❍✐❧❧✐K ❛♥❞ ❉✐①♦♥✱ ✶✾✾✶✮✳ ❘◆❆ ❛♥❞ ❉◆❆ K✉❜KH✐H✉H✐♦♥ ♠♦❞❡❧ ♣❛M❛♠❡H❡MK
✇❡M❡ ✐♥❞❡♣❡♥❞❡♥H❧② ❡KH✐♠❛H❡❞ ♣❡M ♣❛MH✐H✐♦♥✳ ❙✉❜KH✐H✉H✐♦♥ ♠♦❞❡❧K ✇❡M❡ K❡❧❡❝H❡❞ ❜❛K❡❞ ♦♥ M❡K✉❧HK ♦❢ ❛
KH❛H✐♦♥❛M② ♣M❡✲M✉♥ ✭❋✐❣✳ ✸✳✷✮✳ ❚❤M❡❡ ❞✐✛❡M❡♥H ❘◆❆ ✭✶✻ KH❛H❡✮ K✉❜KH✐H✉H✐♦♥ ♠♦❞❡❧K ✇✐H❤ ❝♦MM❡K♣♦♥✲
❞✐♥❣ ❉◆❆ ♠♦❞❡❧K ✇❡M❡ ♣M❡K❡❧❡❝H❡❞ ❛♥❞ H❡KH❡❞✿ ❘❊✰ Γ ✫❘◆❆✶✻■ ✰ Γ ✱ ❚◆✾✸✰ Γ ✫❘◆❆✶✻❏✰ Γ ❛♥❞
❍❑✽✺✰ Γ ✫❘◆❆✶✻❑✰ Γ ✳ ❋♦M ♣M✐♦MK✱ ❛ ❉✐M✐❝❤❧❡H ❞✐KHM✐❜✉H✐♦♥ ❛♥❞ ♣M♦♣♦K❛❧K ❢♦M ❛ K❡H ♦❢ ❡①❝❤❛♥❣❡❛❜❧❡
♣❛M❛♠❡H❡MK ✇❡M❡ ✉K❡❞✷✳
❆♣♣M♦♣M✐❛H❡ K❛♠♣❧✐♥❣ ♦❢ H❤❡ ♣❛M❛♠❡H❡M K♣❛❝❡ ❛❝❝♦M❞✐♥❣ H♦ H❤❡ ♣♦KH❡M✐♦M ❞❡♥K✐H② ❢✉♥❝H✐♦♥ ✭✇✐❝❦❧
❛♥❞ ❍♦❧❞❡M✱ ✷✵✵✹✮ ✇❛K ❝❤❡❝❦❡❞ ❜② ♣❧♦HH✐♥❣ ✈❛❧✉❡K ♦❢ ❡❛❝❤ ♣❛M❛♠❡H❡M✳ ❛M❛♠❡H❡M ❝♦♥✈❡M❣❡♥❝❡ ✇❛K
♠♦♥✐H♦M❡❞ ✇✐H❤ H❤❡ KH❛H✐KH✐❝❛❧ K♦❢H✇❛M❡ ♣❛❝❦❛❣❡ ❘ ✭❘ ❉❡✈❡❧♦♣♠❡♥H ❈♦M❡ ❚❡❛♠✱ ✷✵✵✽✱ ✈✷✳✾✮ ❢♦M ❛❧❧
♠♦❞❡❧ ❝♦♠❜✐♥❛H✐♦♥K ✭✺✵✵✱✵✵✵ ❣❡♥❡M❛H✐♦♥K✱ K❛♠♣❧✐♥❣ ♣❡M✐♦❞✿ ✶✺✵✮✳ ▼♦❞❡❧ ❝♦♠❜✐♥❛H✐♦♥K ✇❡M❡ ❡①❝❧✉❞❡❞
✇❤❡M❡ K❡✈❡M❛❧ ♣❛M❛♠❡H❡M ✈❛❧✉❡K ❞✐❞ ♥♦H ❝♦♥✈❡M❣❡✳ ▼❈▼❈ ♣M♦❝❡KK❡K ✇❡M❡ M❡♣❡❛H❡❞ ✇✐H❤ ✸ ♠✐❧❧✐♦♥
❣❡♥❡M❛H✐♦♥K ✭K❛♠♣❧✐♥❣ ♣❡M✐♦❞✿ ✶✺✵ ❣❡♥❡M❛H✐♦♥K✮ ❢♦M K❡❧❡❝H❡❞ ♠♦❞❡❧ ❝♦♠❜✐♥❛H✐♦♥K ✭❜✉M♥✲✐♥✿ ✷✾✾✱✾✾✾
❣❡♥❡M❛H✐♦♥K✮✳ ❚❤❡ ♠✐①❡❞ ♠♦❞❡❧ ✇✐H❤ H❤❡ ❜❡KH ✜H♥❡KK ✇❛K K❡❧❡❝H❡❞ ❜② ❛ ❇❛②❡K ❋❛❝H♦M ❚❡KH ✭❇❋❚✮
✭❑❛❛K ❛♥❞ ❘❛❢H❡M②✱ ✶✾✾✺❀ ◆②❧❛♥❞❡M ❡H ❛❧✳✱ ✷✵✵✹✮ ❛❢H❡M ❛ K❡❝♦♥❞ ❝❤❡❝❦ ♦♥ ❝♦♥✈❡M❣❡♥❝❡ ❜② ❡②❡✳ ❚❤❡
❢❛✈♦M❡❞ ♠♦❞❡❧ ✭2lnB
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> 10✮ ✇❛K ✉K❡❞ ❢♦M ✜♥❛❧ ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥K✳
❋♦M ❡❛❝❤ ❛♣♣M♦❛❝❤✱ ✶✹ ✐♥❞❡♣❡♥❞❡♥H ❝❤❛✐♥K ♦❢ ✼ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ♣❧✉K H✇♦ ❝❤❛✐♥K ♦❢ ✶✵ ♠✐❧❧✐♦♥
❣❡♥❡M❛H✐♦♥K ✭K❛♠♣❧✐♥❣ ♣❡M✐♦❞✿ ✶✵✵✵✮ M❛♥ ♦♥ ▲✐♥✉① ❝❧✉KH❡MK ✭❆▼❉ ❖♣H❡M♦♥ ❉✉❛❧ ❈♦M❡✱ ✻✹❜✐H K②KH❡♠K✱
✸✷ ●❇ ❘❆▼✮✳ ❋♦M ❡❛❝❤ ❝❤❛✐♥✱ ❛ ❜✉M♥✲✐♥ ♦❢ ✷ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ✇❛K ❡①❝❧✉❞❡❞✳ ❚❤❡ KH❛H✐♦♥❛M②
✭H✐♠❡✲❤♦♠♦❣❡♥❡♦✉K✮ K❡H✉♣ ✇❛K K✐♠✐❧❛M H♦ H❤❡ ♣M❡✲M✉♥✱ ❡①❝❡♣H ❢♦M H❤❡ ♥✉♠❜❡M ♦❢ ❣❡♥❡M❛H✐♦♥K✱ K❛♠♣❧✐♥❣
♣❡M✐♦❞ ❛♥❞ ❜✉M♥✲✐♥✳ ❚❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ✭H✐♠❡✲❤❡H❡M♦❣❡♥❡♦✉K✮ K❡H✉♣ ❞✐✛❡M❡❞ ✭❋✐❣✳ ✸✳✷✮✿ ❢♦❧❧♦✇✐♥❣
✷▼♦❞❡❧ ❂ ▼■❊❉❀ ❚A❡❡✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✶❀ ▼♦❞❡❧✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✺❀ ❚♦♣♦❧♦❣② ❝❤❛♥❣❡@✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✶✵❀
❇A❛♥❝❤ ❧❡♥❣>❤@✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✹✵❀ ▼♦❞❡❧ ✶✱ ✸✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✼❀ ▼♦❞❡❧ ✷✱ ✹ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✽❀ ❆✈❡A❛❣❡
A❛>❡@✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✶❀ ❋A❡B✉❡♥❝✐❡@✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✷❀ ❘❛>❡ A❛>✐♦@✱ ♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✶❀ ●❛♠♠❛ ♣❛A❛♠❡>❡A✱
♣A♦♣♦@❛❧ ♣A✐♦A✐>② ❂ ✶❀ A❛♥❞♦♠ @❡❡❞✿ ✐♥❞✐✈✐❞✉❛❧ @❡❡❞ @❡> ♣❡A A✉♥✱ ✭@❡❡ ●♦✇A✐✲❙❤❛♥❦❛A ❛♥❞ ❘❛>>A❛②✱ ✷✵✵✼✮
✸✳✷✳ ▼❛H❡M✐❛❧K ✫ ▼❡H❤♦❞K ✽✼
❋♦KH❡M ✭✷✵✵✹✮ ❛♥❞ ●♦✇M✐✲❙❤❛♥❦❛M ❛♥❞ ❘❛HHM❛② ✭✷✵✵✼✮✱ ♦♥❧② ❛ ❧✐♠✐H❡❞ ♥✉♠❜❡M ♦❢ ❝♦♠♣♦K✐H✐♦♥ ✈❡❝H♦MK
❝❛♥ ❜❡ K❤❛M❡❞ ❜② ❞✐✛❡M❡♥H ❜M❛♥❝❤❡K ✐♥ H❤❡ HM❡❡✳ ❊①❝❤❛♥❣❡❛❜✐❧✐H② ♣❛M❛♠❡H❡MK ✭❛✈❡M❛❣❡ K✉❜KH✐H✉H✐♦♥
M❛H❡ M❛H✐♦ ✈❛❧✉❡K✱ M❛H❡ M❛H✐♦K ❛♥❞ ❛❧♣❤❛ K❤❛♣❡ ♣❛M❛♠❡H❡M✮ K❡M✈❡❞ ❛K ✐♥♣✉H ✈❛❧✉❡K ❛♥❞ M❡♠❛✐♥❡❞ ✜①❡❞
❞✉M✐♥❣ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥✳ ❚❤❡K❡ ♣❛M❛♠❡H❡M ✈❛❧✉❡K ❤❛❞ ❜❡❡♥ ❝❛❧❝✉❧❛H❡❞ ❢M♦♠ M❡K✉❧HK ♦❢ ♣M❡❧✐♠✐♥❛M②
KH❛H✐♦♥❛M② ♣M❡✲M✉♥K ✐♥ H✇♦ KH❡♣K✿ ❛✮ ❛ ❝♦♥K❡♥K✉K HM❡❡ ✇❛K ✐♥❢❡MM❡❞ ✐♥ ^❍❆❙❊ ♠❝♠❝N✉♠♠❛O✐③❡ ❢M♦♠
H❤❡ ♦✉H♣✉H ♦❢ H❤❡ ♣M❡✲M✉♥K✳ ❚❤❡ H♦♣♦❧♦❣② ♦❢ H❤❡ ❝♦♥K❡♥K✉K HM❡❡ ❛♥❞ H❤❡ M❡K♣❡❝H✐✈❡ ♠♦❞❡❧ ✜❧❡ K❡M✈❡❞ ❛K
✐♥♣✉H ❢♦M ❛ ▼▲ ❡KH✐♠❛H✐♦♥ ♦❢ ♣❛M❛♠❡H❡MK ✐♥ ^❍❆❙❊ ♦♣M✐♠✐③❡O✳ ❜✮ ❊KH✐♠❛H❡❞ ✈❛❧✉❡K ♦❢ ❡①❝❤❛♥❣❡❛❜✐❧✐H②
♣❛M❛♠❡H❡MK ❢M♦♠ H❤❡ ♦♣M✐♠✐③❡O ♦✉H♣✉H ✜❧❡ ❛♥❞ ❡KH✐♠❛H❡❞ KH❛MH ✈❛❧✉❡K ❢♦M ❜❛K❡ ❢M❡Q✉❡♥❝✐❡K ✇❡M❡ ❧♦❛❞❡❞
✐♥H♦ ♠❝♠❝♣❤❛N❡✳ ❚❤❡ ♥✉♠❜❡M ♦❢ ❛❧❧♦✇❡❞ ❜❛K❡ ❢M❡Q✉❡♥❝② ❝❛H❡❣♦M✐❡K ✭K✉❜♠♦❞❡❧K✮ ❛❧♦♥❣ H❤❡ HM❡❡ ✇❛K
✜①❡❞✳ ❆❝❝♦✉♥H✐♥❣ ❢♦M K✉❜♠♦❞❡❧K H♦ ✐♥❞✐✈✐❞✉❛❧ ❜M❛♥❝❤❡K ✐♥ ❛ HM❡❡ ❜② H❤❡ ▼❈▼❈ ♣M♦❝❡KK ❛❧❧♦✇ ❢♦M ❛
♠❛①✐♠✉♠ ♦❢ ✢❡①✐❜✐❧✐H② ✇✐H❤♦✉H ❧♦K✐♥❣ H❤❡ ♣M♦♣❡M ♠✐① ♦❢ ♣❛M❛♠❡H❡MK ✭●♦✇M✐✲❙❤❛♥❦❛M✱ ♣❡MK✳ ❝♦♠♠✳✮✳
❚❤❡ ♥✉♠❜❡M ♦❢ K✉❜♠♦❞❡❧K ✇❛K K❡H H♦ ✸✱ M❡✢❡❝H✐♥❣ ❝♦♠♣♦K✐H✐♦♥❛❧ ❜❛K❡ ❤❡H❡M♦❣❡♥❡✐H②✳
❍❛M♠♦♥✐❝ ♠❡❛♥K ♦❢ lnL ✈❛❧✉❡K ♦❢ ❛❧❧ ❝❤❛✐♥K ♣❡M ❛♣♣M♦❛❝❤ ✇❡M❡ ❝♦♠♣❛M❡❞ ✇✐H❤ ❛ ❇❋❚✳ ❚❤❡M❡❜②✱ ♣♦K✲
K✐❜❧❡ ❧♦❝❛❧ ♦♣H✐♠❛ ✇❡M❡ ✐❞❡♥H✐✜❡❞ ✐♥ ✇❤✐❝❤ ❛ K✐♥❣❧❡ ❝❤❛✐♥ ♠✐❣❤H ❤❛✈❡ ❜❡❡♥ HM❛♣♣❡❞✳ ❖♥❧② K❛♠♣❧❡ ❞❛H❛ ♦❢
❝❤❛✐♥K ✇✐H❤ ❛ 2lnB
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✕✈❛❧✉❡ < 10 ✭❑❛❛K ❛♥❞ ❘❛❢H❡M②✱ ✶✾✾✺✮ ✇❡M❡ ♠❡M❣❡❞ ✐♥H♦ ❛ ✏♠❡H❛❝❤❛✐♥✑ ✇✐H❤ ❡M❧
K❝M✐♣H✐♥❣ ✭❇❡✐❦♦ ❡H ❛❧✳✱ ✷✵✵✻✮✳ ❚❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❝♦♥K❡♥K✉K HM❡❡ ✇❛K ✐♥❢❡MM❡❞ ❢M♦♠ H❡♥ ♥♦♥✲KH❛H✐♦♥❛M②
❝❤❛✐♥K✱ H❤❡ KH❛H✐♦♥❛M② ❝♦♥K❡♥K✉K HM❡❡ ❢M♦♠ H❤M❡❡ ❝❤❛✐♥K✳ ❆KK❡♠❜❧❡❞ ♠❡H❛❝❤❛✐♥K ✐♥❝❧✉❞❡❞ ✺✻ ♠✐❧❧✐♦♥
❣❡♥❡M❛H✐♦♥K ❢♦M H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ❛♥❞ ✶✽ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ❢♦M H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤
✭K❡❡ ✸✳✸✮❀ ❜✉M♥✲✐♥K ✇❡M❡ ❞✐K❝❛M❞❡❞✳ ❈♦♥K❡♥K✉K HM❡❡K ❛♥❞ ♣♦KH❡M✐♦M ♣M♦❜❛❜✐❧✐H② ✈❛❧✉❡K ✇❡M❡ ✐♥❢❡MM❡❞ ✇✐H❤
♠❝♠❝N✉♠♠❛O✐③❡✳ ❇M❛♥❝❤ ❧❡♥❣H❤K ♦❢ H❤❡ KH❛H✐♦♥❛M② ❛♥❞ ♥♦♥✲KH❛H✐♦♥❛M② ❝♦♥K❡♥K✉K HM❡❡ ✇❡M❡ ❡KH✐♠❛H❡❞
❢M♦♠ ❞✐✛❡M❡♥H ✐♥✐H✐❛❧ KH❛H❡K ♦❢ H❤M❡❡ ♠❝♠❝♣❤❛N❡ ❝❤❛✐♥K ✭✹ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K✱ K❛♠♣❧✐♥❣ ♣❡M✐♦❞ ✺✵✵✱
H♦♣♦❧♦❣② ❝❤❛♥❣❡K H✉M♥❡❞ ♦✛✱ KH❛MH✐♥❣ HM❡❡ ❂ ❝♦♥K❡♥K✉K HM❡❡✱ ❜✉M♥✲✐♥✿ ✶ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K✮✳ ❋♦M H❤✐K
♣✉M♣♦K❡✱ ^❍❆❙❊ ✇❛K ❡K♣❡❝✐❛❧❧② ♠♦❞✐✜❡❞ ❜② ✳ ●♦✇M✐✲❙❤❛♥❦❛M✳ ❉❛H❛ ✇❡M❡ ❝♦♠❜✐♥❡❞ ✇✐H❤ ♠❝♠❝✲
N✉♠♠❛O✐③❡ H♦ ✐♥❢❡M ♠❡❛♥ ❜M❛♥❝❤ ❧❡♥❣H❤K✳ ▼❡❛♥ ❜M❛♥❝❤ ❧❡♥❣H❤K ✇❡M❡ ✉K❡❞ H♦ M❡❞M❛✇ H❤❡ ❝♦♥K❡♥K✉K
HM❡❡✳
❉◆❆ ♠♦❞❡❧N ❛♥❞ ♠♦❞❡❧✐♥❣ NL❛L✐♦♥❛P✐L② ✈❡PN✉N ♥♦♥✲NL❛L✐♦♥❛P✐L②
❆❧❧ ❛♥❛❧②K❡K ✇❡M❡ M❡♣❡❛H❡❞ ❛K ❞❡K❝M✐❜❡❞ ❜❡❢♦M❡✱ ❜✉H ✐♥KH❡❛❞ ❛♣♣❧②✐♥❣ ♠✐①❡❞ ♠♦❞❡❧K✱ ♦♥❧② H❤❡ ♣M❡✈✐✲
♦✉K❧② K❡❧❡❝H❡❞ ❉◆❆ ♠♦❞❡❧ ✭❚◆✾✸✰ Γ ✮ ✇❛K ✉K❡❞✳ ❚❤✉K✱ ✐♥H❡M❞❡♣❡♥❞❡♥❝❡ ♦❢ ♣❛✐M❡❞ ♣♦K✐H✐♦♥K ✭KH❡♠K✮
✇❛K ✐❣♥♦M❡❞✳ ❆✐♠ ✇❛K H♦ ❡①❛♠✐♥❡ ❛ ♣♦KK✐❜❧❡ ✐♠♣❛❝H ♦❢ ♠✐①❡❞ ♠♦❞❡❧K ❝♦♠♣❛M❡❞ H♦ ❉◆❆ ♠♦❞❡❧K
✭✐♥❞❡♣❡♥❞❡♥H✲K✐H❡K ♠♦❞❡❧K✮✳ ❚❤❡ K❡H✉♣ ❢♦❧❧♦✇❡❞ H❤❡ ❞❡K❝M✐♣H✐♦♥ KH❛MH✐♥❣ ❢M♦♠ ♣M❡✲M✉♥ ■■ ✭✜MKH M♦✇✱
❋✐❣✳ ✸✳✷✮✳ ❖♥❧② K❛♠♣❧❡ ❞❛H❛ ♦❢ ❝❤❛✐♥K ✇✐H❤ ❛ 2lnB
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✕✈❛❧✉❡ < 10 ✭❑❛❛K ❛♥❞ ❘❛❢H❡M②✱ ✶✾✾✺✮ ✇❡M❡
♠❡M❣❡❞ ✐♥H♦ ❛ ♠❡H❛❝❤❛✐♥ ✭K❡❡ ❜❡❢♦M❡✮✳ ■♥❢❡MM✐♥❣ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❝♦♥K❡♥K✉K HM❡❡✱ ♦♥❧② H❤M❡❡ ❝❤❛✐♥K
✇❡M❡ ✐♥❝❧✉❞❡❞✳ ❋♦M H❤❡ KH❛H✐♦♥❛M② ❝♦♥K❡♥K✉K HM❡❡✱ ♦♥❧② ♦♥❡ ❝❤❛✐♥ ✇❛K ✐♥❝❧✉❞❡❞✳ ❆❧❧ ♦H❤❡M ❝❤❛✐♥K ✇❡M❡
M❡❥❡❝H❡❞ ❜② ❛ ❇❋❚ ✭K❡❡ K❡❝H✐♦♥ ✸✳✸✮✳ ❆KK❡♠❜❧❡❞ ♠❡H❛❝❤❛✐♥K ✐♥❝❧✉❞❡❞ ✶✺ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ❢♦M H❤❡
♥♦♥✲KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ❛♥❞ ✺ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ❢♦M H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ✭❜✉M♥✲✐♥K ❞✐K❝❛M❞❡❞✮✳
■♥❢❡MM✐♥❣ ❝♦♥K❡♥K✉K HM❡❡K✱ ❡KH✐♠❛H✐♦♥ ♦❢ ♣♦KH❡M✐♦M ♣M♦❜❛❜✐❧✐H② ✈❛❧✉❡K ❛♥❞ ❜M❛♥❝❤ ❧❡♥❣H❤K ✇❡M❡ ❝♦♥❞✉❝H❡❞
❧✐❦❡✇✐K❡ H♦ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ ❛♣♣M♦❛❝❤✳
✸✳✷✳✽✳ ❈♦♥D❡♥D✉D ♥❡B✇♦F❦D✿ ❉✐✛❡F❡♥❝❡D ❜❡B✇❡❡♥ ✬♠✐①❡❞ ♠♦❞❡❧✬ ❛♥❞ ✬❉◆❆✬ BF❡❡D
❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ ♠✐①❡❞ ♠♦❞❡❧ ❛♥❞ ❉◆❆ HM❡❡K ✇❡M❡ ✈✐K✉❛❧✐③❡❞ ❜② ❝♦♥K❡♥K✉K ♥❡H✇♦M❦K
✭❍♦❧❧❛♥❞ ❛♥❞ ▼♦✉❧H♦♥✱ ✷✵✵✸✮✳ ❈♦♥K❡♥K✉K ♥❡H✇♦M❦K M❡❧② ♦♥❧② ♦♥ HM❡❡ H♦♣♦❧♦❣②✱ ♥♦❞❡ K✉♣♣♦MH ✈❛❧✉❡K ❛M❡
♥♦H ❝♦♥K✐❞❡M❡❞✳ ❈♦♥K❡♥K✉K ♥❡H✇♦M❦K ✇❡M❡ ❝♦♠♣✉H❡❞ ✇✐H❤ ❙♣❧✐HK❚M❡❡ ✹✳✶✵ ✭❍✉K♦♥ ❛♥❞ ❇M②❛♥H✱ ✷✵✵✻✮✳
✽✽ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❚❤❡ H❤M❡K❤♦❧❞ ♦❢ ✵✳✵✶ ✈✐K✉❛❧✐③✐♥❣ ❞✐✛❡M❡♥❝❡K ✇❛K K❡H H♦ ✵✳✵✶✱ ❡❞❣❡ ✇❡✐❣❤HK ✇❡M❡ ♥♦H ❝♦♥K✐❞❡M❡❞✳
❚❤✐K ✇❛K ❝♦♥❞✉❝H❡❞ ❢♦M ❜♦H❤✱ H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ✭✬♠✐①❡❞ ♠♦❞❡❧✬ ✈❡ON✉N ✬❉◆❆✬ HM❡❡✮ ❛♥❞ H❤❡




14 x 7 million generations,
2 x 10 million generations
time-homogeneous /
time-heterogeneous





































































- control on convergence
of model- and parame-
ter likelihood values
- exclusion of model
DNA: REV + ⎡
RNA: RNA16I + ⎡ candidate models
Bayes Factor Test:
- rejection of model
DNA: HKY + ⎡
RNA: RNA16K + ⎡
- favored model
DNA: TN93 + ⎡






















































































































❋✐❣✉M❡ ✸✳✷✳✿ ❆♥❛❧②@❡@ @❡>✉♣ ❢♦A >❤❡ >✐♠❡✲❤♦♠♦❣❡♥❡♦✉@ ✭@>❛>✐♦♥❛A②✮ ❛♥❞ >✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@ ✭♥♦♥✲@>❛>✐♦♥❛A②✮ ❛♣♣A♦❛❝❤
✇✐>❤ 9❍❆❙❊✲✷✳✵ ❛♣♣❧②✐♥❣ ♠✐①❡❞ ❘◆❆✴❉◆❆ ♠♦❞❡❧@✳ 9❍❆❙❊ @✉❜✲♣❛❝❦❛❣❡@ ❛A❡ ✇A✐>>❡♥ ✐♥ ✐>❛❧✐❝@ ❛❜♦✈❡
❜❧❛❝❦ ❛AA♦✇@✱ ✐♥♣✉> ✜❧❡@ ❛A❡ ✇A✐>>❡♥ ✐♥ ❈✉AA✐❡A✳ ❇❧❛❝❦ ❛AA♦✇@✿ ❛♥❛❧②@❡@ @>❡♣@✱ ❜❧✉❡ ❛AA♦✇@✿ A❡@✉❧>@ ♦A
♣❛A❛♠❡>❡A ✈❛❧✉❡@ ✇❡A❡ ❛❝❝❡@@❡❞ ❜② >❤❡ ❢♦❧❧♦✇✐♥❣ ♣A♦❝❡@@✳ ❘❡❞ ❛AA♦✇@✿ ✜♥❛❧ A✉♥ ♦❢ >❤❡ >✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@
✴ >✐♠❡✲❤♦♠♦❣❡♥❡♦✉@ ❛♣♣A♦❛❝❤ ✇✐>❤ ✶✻ ❝❤❛✐♥@ ❡❛❝❤✳ ❋✐FEC F♦✇✿ ■✳ ✸ ❝♦♥>A♦❧ ✜❧❡@ ✭❝♦♥>A♦❧✳♠❝♠❝✮ ✇❡A❡
♣A❡♣❛A❡❞ ❢♦A ♠❝♠❝♣❤❛?❡ ✉@✐♥❣ ✸ ❞✐✛❡A❡♥> ♠✐①❡❞ ♠♦❞❡❧@✳ eA❡✲A✉♥ ■ ✇❛@ ✉@❡❞ ❢♦A ❛ ✜A@> ♠♦❞❡❧ @❡❧❡❝>✐♦♥
✭✺✵✵✱✵✵✵ ❣❡♥❡A❛>✐♦♥@ ✴ ♠♦❞❡❧✮✳ ▼♦❞❡❧ ❘❊✰ Γ ✫❘◆❆✶✻■ ✰ Γ ✇❛@ ❡①❝❧✉❞❡❞ ❜❡❝❛✉@❡ ♣❛A❛♠❡>❡A ✈❛❧✉❡@ ❞✐❞
♥♦> ❝♦♥✈❡A❣❡✳ ■■✳ ❙>❡♣ ♦♥❡ ✭■✳✮ ✇❛@ A❡♣❡❛>❡❞ ✇✐>❤ ✸ ♠✐❧❧✐♦♥ ❣❡♥❡A❛>✐♦♥@ ✉@✐♥❣ @✐♠✐❧❛A ❝♦♥>A♦❧ ✜❧❡@✱ ❜✉> ❞✐✛❡A✲
❡♥> ♥✉♠❜❡A ♦❢ ❣❡♥❡A❛>✐♦♥@ ❛♥❞ A❛♥❞♦♠ @❡❡❞@ ❢♦A A❡♠❛✐♥✐♥❣ ♠♦❞❡❧@✳ ■♥ ❛ ❇❛②❡@ ❋❛❝>♦A ❚❡@> ✭❇❋❚✮ ❧♥ ❧✐❦❡✲
❧✐❤♦♦❞@ ✈❛❧✉❡@ ✭❤❛A♠♦♥✐❝ ♠❡❛♥@✮ ♦❢ ❜♦>❤ ❝❤❛✐♥@ ✇❡A❡ ❝♦♠♣❛A❡❞✿ ♠✐①❡❞ ♠♦❞❡❧ ❍❑✽✺✰ Γ ✫❘◆❆✶✻❑✰ Γ
✇❛@ A❡❥❡❝>❡❞✳ e❛A❛♠❡>❡A ✈❛❧✉❡@ ♦❢ >❤❡ @❡❧❡❝>❡❞ ♠♦❞❡❧ ❚◆✾✸✰ Γ ✫❘◆❆✶✻❏✰ Γ ✇❡A❡ ✐♠♣❧❡♠❡♥>❡❞ ✐♥ >❤❡
>✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@ @❡>✉♣✳ ■■■✳✮ ✶✻ ❝❤❛✐♥@ ❢♦A ❜♦>❤✱ >❤❡ >✐♠❡✲❤♦♠♦❣❡♥❡♦✉@ ❛♥❞ >✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@ ❛♣✲
♣A♦❛❝❤✱ ✇❡A❡ ✉@❡❞ ✐♥ ✜♥❛❧ ❛♥❛❧②@❡@ ✭✜♥❛❧ A✉♥✮✳ ❙>❛>✐♦♥❛A② ❝♦♥>A♦❧ ✜❧❡@ ✇❡A❡ @✐♠✐❧❛A >♦ @>❡♣ ■■✱ ❡①❝❡♣>
♥✉♠❜❡A ♦❢ ❣❡♥❡A❛>✐♦♥@ ❛♥❞ A❛♥❞♦♠ @❡❡❞@✳ ❙❡❝♦♥❞ F♦✇✿ ❋♦A >❤❡ ✜♥❛❧ >✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@ @❡>✉♣✱ ❛❞❞✐✲
>✐♦♥❛❧ @>❡♣@ ✇❡A❡ ♥❡❝❡@@❛A②✳ ❚❤❡ @❡❧❡❝>❡❞ ♠♦❞❡❧ ♠❝♠❝?✉♠♠❛A✐③❡ ✇❛@ ✉@❡❞ >♦ ❝❛❧❝✉❧❛>❡ ❛ ❝♦♥@❡♥@✉@ >A❡❡✳
✐>❤ 9❍❆❙❊ ♦♣=✐♠✐③❡A ❛ ▼▲ ❡@>✐♠❛>✐♦♥ ✇❛@ ❝♦♥❞✉❝>❡❞ ❢♦A ❡❛❝❤ ♣❛A❛♠❡>❡A ✈❛❧✉❡ ✭♦♣>✳♠♦❞✮ ❜❛@❡❞ ♦♥
>❤❡ ✐♥❢❡AA❡❞ ❝♦♥@❡♥@✉@ >A❡❡ ❛♥❞ ♦♣>✐♠✐③❡❞ ♣❛A❛♠❡>❡A ✈❛❧✉❡@ ✭♠❝♠❝✲❜❡@>✳♠♦❞✱ ♣A♦✈✐❞❡❞ ❜② ♠❝♠❝♣❤❛?❡✮✳
❊@>✐♠❛>❡❞ ✈❛❧✉❡@ ✇❡A❡ ✐♠♣❧❡♠❡♥>❡❞ ✐♥ ❛♥ ✐♥✐>✐❛❧✳♠♦❞ ✜❧❡✳ ❚❤❡ ✐♥✐>✐❛❧✳♠♦❞ ✜❧❡ ❛♥❞ ✐>@ ♣❛A❛♠❡>❡A ✈❛❧✉❡@ ✇❡A❡
❛❝❝❡@@❡❞ ❜② >❤❡ ❝♦♥>A♦❧ ✜❧❡ ♦❢ ❡❛❝❤ ✜♥❛❧ >✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@ ❝❤❛✐♥✳ ❖♥❧② >♦♣♦❧♦❣② ❛♥❞ ❜❛@❡ ❢A❡B✉❡♥❝✐❡@
✇❡A❡ ❡@>✐♠❛>❡❞✳ ❚❤✐F❞ F♦✇✿ ❚A❡❡@ ✇❡A❡ ✐♥❢❡AA❡❞ @❡♣❛A❛>❡❧② ❢♦A ❜♦>❤ ❛♣♣A♦❛❝❤❡@✳ ❋♦A ❡❛❝❤ ❛♣♣A♦❛❝❤✱ ❛❧❧
❝❤❛✐♥@ ✇❡A❡ >❡@>❡❞ ✐♥ ❛ ❇❛②❡@ ❋❛❝>♦A ❚❡@> ❛❣❛✐♥@> >❤❡ ❝❤❛✐♥ ✇✐>❤ >❤❡ ❜❡@> ❧♥ ▲✳ ❈❤❛✐♥@ ✇✐>❤ ❛ 2lnB
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✕✈❛❧✉❡
< 10 ✇❡A❡ ♠❡A❣❡❞ ✐♥>♦ ❛ ♠❡>❛❝❤❛✐♥ ✇✐>❤ e❡A❧ @❝A✐♣>✐♥❣✳ ❆ ❝♦♥@❡♥@✉@ >♦♣♦❧♦❣② ❢♦A ❡❛❝❤ ❛♣♣A♦❛❝❤ ✇❛@
✐♥❢❡AA❡❞ ✇✐>❤ ♠❝♠❝?✉♠♠❛A✐③❡✳ ❚♦ ❡@>✐♠❛>❡ ❜A❛♥❝❤ ❧❡♥❣>❤@ ♣A♦♣❡A❧② ♠❝♠❝♣❤❛?❡ ✭♠♦❞✐✜❡❞✮ ✇❛@ ✉@❡❞ ✇✐>❤
❛ ✜①❡❞ >♦♣♦❧♦❣②✳ ❘❡@✉❧>✐♥❣ ❜A❛♥❝❤ ❧❡♥❣>❤@ ✇❡A❡ A❡❞A❛✇♥ ✐♥ ❝♦♥@❡♥@✉@ >♦♣♦❧♦❣✐❡@✳
✸✳✸✳ ❘❡K✉❧HK ✽✾
✸✳✸✳ ❘❡>✉❧<>
❋♦M H❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H✱ ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② ❝❧❡❛M❧② KH❛H✐KH✐❝❛❧❧② ♦✉H♣❡M❢♦M♠K KH❛H✐♦♥❛M② ❛♥❛❧②K❡K✳
❚❤✐K ✐K HM✉❡ ❢♦M ❜♦H❤✱ ❛✮ ✉K✐♥❣ ♠✐①❡❞ ❘◆❆✴❉◆❆ ♠♦❞❡❧K ❛♥❞ ❜✮ ✉K✐♥❣ ♦♥❧② KH❛♥❞❛M❞ ❉◆❆ ♠♦❞❡❧K✳
❙❡✈❡M❛❧ ❝❧❛❞❡K ❛❝❝❡♣H❡❞ ❜② ♠♦M♣❤♦❧♦❣✐❝❛❧✱ ♥❡✉M♦❛♥❛H♦♠✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✱ ❛M❡ ♦♥❧② M❡K♦❧✈❡❞
✇✐H❤ ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H②✱ ❛H ❧❡❛KH ❢♦M ♠✐①❡❞ ♠♦❞❡❧ ❛♥❛❧②K❡K ✭❍❡①❛♣♦❞❛✱ ❊❝H♦❣♥❛H❤❛✱ ❉✐❝♦♥❞②❧✐❛
❡H❝✳✮✳ ❘❡K♦❧✉H✐♦♥ ♦❢ H❤❡K❡ ❝❧❛❞❡K ❝♦MM♦❜♦M❛H❡K H❤❡ KH❛H✐KH✐❝❛❧ M❡K✉❧H✱ ❜✉H ♦♥❧② K❡M✈❡ ❛K ❛❞❡Q✉❛H❡ ❛♥❞ ♥♦H
❛K ♠❛♥❞❛H♦M② ❛M❣✉♠❡♥H✳ ❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M②✱ ❉◆❆ HM❡❡ ❛♥❞ H❤❡ ♥♦♥✲
KH❛H✐♦♥❛M②✱ ❘◆❆✴❉◆❆ HM❡❡ ❛M❡ ♠❛M❣✐♥❛❧✳ ❚❤❡ ❝♦♠♣✉H❛H✐♦♥❛❧ ❡✛♦MH ♦❢ ❛ KHM✉❝H✉M❡ ❣✉✐❞❡❞ ❛❧✐❣♥♠❡♥H
♣M♦❝❡❞✉M❡ ❛♥❞ ❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣ ♣❛②K ♦✛✿ ♣♦H❡♥H✐❛❧ ♣❤②❧♦❣❡♥❡H✐❝ K✐❣♥❛❧ ❤❛K ❜❡❡♥ ✐♥❝M❡❛K❡❞✱ ♥♦✐K❡ ❤❛K
❜❡❡♥ M❡❞✉❝❡❞✳ ❙♣❧✐H✲❞❡❝♦♠♣♦K✐H✐♦♥ ♥❡H✇♦M❦K KH✐❧❧ ❞✐K♣❧❛② ♥♦✐K❡ ♦M ❝♦♥✢✐❝HK ✇❤✐❝❤ ♠❛② ❣✐✈❡ ❡①♣❧❛♥❛H✐♦♥K
❢♦M K♦♠❡ ✐♥❝♦♥K✐KH❡♥❝✐❡K✳
✸✳✸✳✶✳ ❆❧✐❣♥♠❡♥B ❛♥❞ ❛❧✐❣♥♠❡♥B ♠❛D❦✐♥❣
❚❤❡ ✶✽❙ M❘◆❆ ❛❧✐❣♥♠❡♥H K♣❛♥ ✸✱✺✵✸ ❛♥❞ H❤❡ ✷✽❙ M❘◆❆ ✽✱✶✽✹ ♣♦K✐H✐♦♥K✳ ❙❡❝♦♥❞❛M② ❝♦♥K❡♥K✉K
KHM✉❝H✉M❡K ❢♦✉♥❞ ❜② ❘◆❆K❛❧K❛ ✐♥❝❧✉❞❡ ✼✾✹ ♣❛✐M❡❞ ♣♦K✐H✐♦♥K ✐♥ H❤❡ ✶✽❙ ❛♥❞ ✶✱✸✷✻ ♣❛✐M❡❞ ♣♦K✐H✐♦♥K ✐♥
H❤❡ ✷✽❙✳ ❈♦♥K❡♥K✉K KHM✉❝H✉M❡K ✐♥❝❧✉❞❡ ♣❛✐M❡❞ K✐H❡K H❤❛H ✇❡M❡ ♣M❡K❡♥H ✐♥ ✻✵✪ ♦M ♠♦M❡ K❡Q✉❡♥❝❡K ✭❞❡❢❛✉❧H
s3 = 0.6 ✐♥ ❘◆❆K❛❧K❛✮✳ ❆❧✐K❝♦M❡ K❝♦M❡❞ ✶✱✽✼✸ ♣♦K✐H✐♦♥K ♦❢ H❤❡ ✶✽❙ ❛♥❞ ✺✱✼✶✷ ♣♦K✐H✐♦♥K ♦❢ H❤❡ ✷✽❙
❛❧✐❣♥♠❡♥H ❛K M❛♥❞♦♠❧② K✐♠✐❧❛M✳ ▼❛K❦❡❞ ❛❧✐❣♥♠❡♥HK K❤♦✇ ✶✱✻✸✵ ♥✉❝❧❡♦H✐❞❡ ♣♦K✐H✐♦♥K ✭✶✽❙✮ ❛♥❞ ✷✱✹✼✷
♣♦K✐H✐♦♥K ✭✷✽❙✮✳ ❚❤❡ ❝♦♥❝❛H❡♥❛H❡❞ ♠❛K❦❡❞ ❛❧✐❣♥♠❡♥H K♣❛♥K ✹✱✶✵✷ ♣♦K✐H✐♦♥K ❛♥❞ ❤❛K ❜❡❡♥ ✉K❡❞ ❢♦M ❛❧❧
HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✳
✸✳✸✳✷✳ ❙♣❧✐B ❞❡❝♦♠♣♦D✐B✐♦♥ ♣❛BB❡F♥D
❇♦H❤ ♥❡✐❣❤❜♦M♥❡H ❣M❛♣❤K✱ ✇✐H❤ ✉♥❝♦MM❡❝H❡❞ ♣✲❞✐KH❛♥❝❡K ✭❋✐❣✳ ✸✳✸❛✮ ❛♥❞ ▲♦❣❉❡H ❝♦MM❡❝H✐♦♥ ✭❋✐❣✳ ✸✳✸❜✮
K❤♦✇ ❧✐HH❧❡ HM❡❡✕❧✐❦❡♥❡KK✳ ❚❤✐K ♠✐❣❤H ✐♥❞✐❝❛H❡ K♦♠❡ ♣M♦❜❧❡♠K H②♣✐❝❛❧ ✐♥ KH✉❞✐❡K ♦❢ ❞❡❡♣ ♣❤②❧♦❣❡♥❡H✐❝
Q✉❡KH✐♦♥K✿ ✐✮ ❙♦♠❡ H❛①❛ ❧✐❦❡ ❉✐♣H❡M❛ ✭✇❤✐❝❤ ❞♦ ♥♦H ❝❧✉KH❡M ✇✐H❤ ❡❝H♦❣♥❛H❤♦✉K ✐♥K❡❝HK✮✱ ❉✐♣❧✉M❛✱
M♦H✉M❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛ ❡❛❝❤ ❛♣♣❡❛M ✐♥ ❛ ❞✐✛❡M❡♥H ♣❛MH ♦❢ H❤❡ ♥❡H✇♦M❦✳ ❉✐♣❧✉M❛ ❛♥❞ M♦H✉M❛ ❛M❡
K❡♣❛M❛H❡❞ ❢M♦♠ ♦H❤❡M ❤❡①❛♣♦❞K✳ ▲❡♣✐N♠❛ ✐K K❡♣❛M❛H❡❞ ❢M♦♠ H❤❡ K❡❝♦♥❞ ③②❣❡♥H♦♠❛♥ ❈M❡♥♦❧❡♣✐N♠❛
✇❤✐❝❤ ✐K ♥❡KH❡❞ ✇✐H❤✐♥ ❊❝H♦❣♥❛H❤❛✳ ❙②♠♣❤②❧❛✱ ❛✉M♦♣♦❞❛ ✭▼②M✐❛♣♦❞❛✮✱ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❤❛❧♦❝❛M✐❞❛
✭❝M✉KH❛❝❡❛♥K✮ ❤❛✈❡ ✈❡M② ❧♦♥❣ ❜M❛♥❝❤❡K✳ ❚❤❡② ♠✐❣❤H ❜❡ ♠✐K♣❧❛❝❡❞ ❞✉❡ H♦ K✐❣♥❛❧ ❡M♦K✐♦♥ ♦M ♦❝❝✉MM❡♥❝❡ ♦❢
❤♦♠♦♣❧❛K✐❡K✿ H❤❡✐M ♣❧❛❝❡♠❡♥H ✐♥ HM❡❡K K❤♦✉❧❞ ❜❡ ❝♦♥K✐❞❡M❡❞ ❝M✐H✐❝❛❧❧② ✭u❣❡❧❡ ❛♥❞ ▼❛②❡M✱ ✷✵✵✼✮✳ ❚❤❡
✉K❛❣❡ ♦❢ ▲♦❣❉❡H ❞✐KH❛♥❝❡K ❛❞❥✉KHK H❤❡ ❧❡♥❣H❤ ♦❢ K♦♠❡ ❜M❛♥❝❤❡K ❜✉H ❞♦❡K ♥♦H ❞❡❝M❡❛K❡ H❤❡ ❛♠♦✉♥H ♦❢
❝♦♥✢✐❝HK ✐♥ ❞❡❡♣ ❞✐✈❡M❣❡♥❝❡ K♣❧✐HK✳ ✐✐✮ ❚❤❡ ✐♥♥❡M ♣❛MH ♦❢ ❜♦H❤ ♥❡H✇♦M❦K ✭❜❛K❡❞ ♦♥ H❤❡ ♠❛K❦❡❞ ❛❧✐❣♥♠❡♥H✮
K❤♦✇ ❧✐HH❧❡ HM❡❡♥❡KK✳ ❙♦♠❡ H❛①❛ ❤❛✈❡ ❧♦♥❣ KH❡♠✲❧✐♥❡❛❣❡K✿ H❤❡K❡ K♣❡❝✐❡K ♠✐❣❤H K❤❛M❡ ❞✐KH✐♥❝H ♥✉❝❧❡♦H✐❞❡
♣❛HH❡M♥K H❤❛H ❛M❡ ❛❜K❡♥H ✐♥ ♦H❤❡M H❛①❛✳ ❙✉❝❤ ✇❡❧❧ K❡♣❛M❛H❡❞ ❣M♦✉♣K ❛M❡ ❈♦♣❡♣♦❞❛✱ ❇M❛♥❝❤✐♦♣♦❞❛✱
❈✐MM✐♣❡❞✐❛✱ ❙②♠♣❤②❧❛✱ ❈♦❧❧❡♠❜♦❧❛✱ ❉✐♣❧✉M❛✱ M♦H✉M❛ ❛♥❞ ❉✐♣H❡M❛✳ ■♥ ❝♦♥HM❛KH✱ ❡✳❣✳ ▼②M✐❛♣♦❞❛ ✏♣❛MH✐♠✑✱
❈❤❡❧✐❝❡M❛H❛ ❛♥❞ ❊❝H♦❣♥❛H❤❛ ❡①❝❧✉❞✐♥❣ ❉✐♣H❡M❛ K❤❛M❡ ✇❡❛❦❡M ♣❛HH❡M♥K✳
❚❤❡ ♥❡✐❣❤❜♦M♥❡H ❣M❛♣❤ ✭▲♦❣❉❡H✮ ❜❛K❡❞ ♦♥ H❤❡ ❝♦♥❝❛H❡♥❛H❡❞ ✉♥♠❛K❦❡❞ ❛❧✐❣♥♠❡♥H ❤❛K ❛ H❡♥❞❡♥❝②
H♦ ❛ ❢✉③③✐❡M ♣❛HH❡M♥ H❤❛♥ H❤❡ ♥❡✐❣❤❜♦M♥❡H ❣M❛♣❤ ✇❤✐❝❤ ✇❛K ❝❛❧❝✉❧❛H❡❞ ❢M♦♠ H❤❡ ♠❛K❦❡❞ ❛❧✐❣♥♠❡♥H✳
❆❧H❤♦✉❣❤ ❞✐✛❡M❡♥❝❡K ✇❡M❡ ♥♦H H❤❛H ♦❜✈✐♦✉K✱ ❧❡KK ❝♦♥✢✐❝H ✐K ♦❜K❡M✈❡❞ ❢♦M K❡✈❡M❛❧ ❝❧❛❞❡K✱ ❢♦M ❡①❛♠♣❧❡
❝❤❡❧✐❝❡M❛H❡K✱ ❜M❛♥❝❤✐♦♣♦❞ ❝M✉KH❛❝❡❛♥K ♦M ❡❝H♦❣♥❛H❤♦✉K ✐♥K❡❝HK ✭❡①❝❧✉❞✐♥❣ ❉✐♣H❡M❛ ❛♥❞ ▲❡♣✐N♠❛✮✳ ❇②
③♦♦♠✐♥❣ H❤❡ ✐♥♥❡M ♣❛MHK ♦❢ ❜♦H❤ ▲♦❣❉❡H ♥❡H✇♦M❦K ✭❋✐❣✳ ✸✳✹✮✱ ❞✐✛❡M❡♥❝❡K ❛M❡ ♦❜✈✐♦✉K✳ ■♥ H❤❡ ♠❛K❦❡❞
❣M❛♣❤✱ H❤❡ ♣❛HH❡M♥ ✐K K❧✐❣❤H❧② ♠♦M❡ ❞✐KH✐♥❝H ❢♦M K❡✈❡M❛❧ ❝❧❛❞❡K✱ ❡✳❣✳ ♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❡①❝❧✉❞✐♥❣ ❉✐♣H❡M❛✮✱
✾✵ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❝♦♣❡♣♦❞K ♦M ❜M❛♥❝❤✐♦♣♦❞K ✭❋✐❣✳ ✸✳✹❜✮✳ ❚❤✉K✱ ❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣ ✐♥❝M❡❛K❡❞ K✐❣♥❛❧ ❛♥❞ M❡❞✉❝❡❞ ♥♦✐K❡
✇✐H❤✐♥ H❤❡ ❞❛H❛ K❡H✳
✸✳✸✳✸✳ ❈♦♠♣♦D✐B✐♦♥❛❧ ❜❛D❡ ❤❡B❡F♦❣❡♥❡✐B②
❙❡♣❛M❛H❡ H❡KHK ❢♦M ❝♦♠♣♦K✐H✐♦♥❛❧ ❜❛K❡ ❤❡H❡M♦❣❡♥❡✐H② ♦❢ ❜♦H❤ ❣❡♥❡ ❛❧✐❣♥♠❡♥HK ✭✶✽❙ ❛♥❞ ✷✽❙✮ ✐♥ ^❆^
✹✳✵❜✶✵✱ M❡❥❡❝H H❤❡ ♥✉❧❧ ❤②♣♦H❤❡K✐K ✭H
0
✮ ✇❤✐❝❤ ❛KK✉♠❡K ❛ ❤♦♠♦❣❡♥❡♦✉K ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥ ❛❝M♦KK H❛①❛
✭✶✽❙✿ χ2 = 1168.94, df = 441, P = 0.00❀ ✷✽❙✿ χ2 = 1279.98, df = 441, P = 0.00✮✳
❙❡♣❛M❛H❡ H❡KH✐♥❣ ♦❢ ❛❧❧ ❢♦✉M ♣❛MH✐H✐♦♥K ❝♦♥✜M♠ ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥❛❧ ❤❡H❡M♦❣❡♥❡✐H② ❛❝M♦KK H❛①❛ ✭P =
0.00 ✐♥ ❛❧❧ ❢♦✉M ♣❛MH✐H✐♦♥K❀ ✶✽❙✿ ❧♦♦♣K✿ ✹✼✼ ♣♦K✐H✐♦♥K✱ ♣❛✐M❡❞ K✐H❡K✿ ✹✷✹ ♣♦K✐H✐♦♥K❀ ✷✽❙✿ ❧♦♦♣K✿ ✺✶✺
♣♦K✐H✐♦♥K✱ ♣❛✐M❡❞ K✐H❡K✿ ✻✸✼ ♣♦K✐H✐♦♥K✮✳ ❘❡♣❡H✐H✐♦♥ ♦❢ H❡KHK ❢♦M K✐♥❣❧❡ ♣❛MH✐H✐♦♥K ❛K ✉K❡❞ ✐♥ HM❡❡ M❡❝♦♥✲
KHM✉❝H✐♦♥ ♠❛✐♥❧② K❤♦✇ K✐♠✐❧❛M M❡K✉❧HK✳ ❙H❡♠K ❞✐KM✉♣H❡❞ ❜② ❞✐K❝❛M❞✐♥❣ ❛ ❝♦MM❡K♣♦♥❞✐♥❣ ♣❛✐M❡❞ K✐H❡ ❞✉❡
H♦ ❛❧✐❣♥♠❡♥H ♠❛K❦✐♥❣ ❛M❡ HM❡❛H❡❞ ❛K ✉♥♣❛✐M❡❞ ✭K❡❡ ✸✳✷✳✻✮✳ ❍❡♥❝❡✱ ✶✽✹✽ K✐H❡K ♦❢ H❤❡ ❝♦♥❝❛H❡♥❛H❡❞
❛❧✐❣♥♠❡♥H ✭✶✽❙✿ ✼✵✻❀ ✷✽❙✿ ✶✱✶✹✷✮ ❛M❡ HM❡❛H❡❞ ❛K ♣❛✐M❡❞ ✐♥ ❛❧❧ ❛♥❛❧②K❡K✳ ❍❡H❡M♦❣❡♥❡✐H② ✐K ❝♦MM♦❜♦✲
M❛H❡❞ ❢♦M ✉♥♣❛✐M❡❞ K✐H❡K ♦❢ ❜♦H❤ ❣❡♥❡K ✭P = 0.00 ❢♦M ❜♦H❤ ❣❡♥❡K❀ ✶✽❙✿ ✺✵✻ ❝❤❛M❛❝H❡MK❀ ✷✽❙✿ ✺✻✼
❝❤❛M❛❝H❡MK✮✳ ❋♦M ♣❛✐M❡❞ K✐H❡K✱ ❛❣❛✐♥ H❤❡ ♥✉❧❧ ❤②♣♦H❤❡K✐K H
0
✐K M❡❥❡❝H❡❞ ✭✶✽❙✱ ✸✾✺ ❝❤❛M❛❝H❡MK ✐♥❝❧✉❞❡❞✿
P < 0.0003✱ ✷✽❙✱ ✺✽✺ ❝❤❛M❛❝H❡MK ✐♥❝❧✉❞❡❞✿ P = 0.00✮✳ ❙✐♥❝❡ ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ✐♥ ❛❧❧ H❡KHK ✐K
KHM♦♥❣❧② K✉♣♣♦MH❡❞✱ ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② ❤❛K ❜❡❡♥ ✐♠♣❧❡♠❡♥H❡❞ H♦ ❛❝❝♦✉♥H ❢♦M ❧✐♥❡❛❣❡✲K♣❡❝✐✜❝
K✉❜KH✐H✉H✐♦♥ ♣❛HH❡M♥K✳ ❚♦ ✜① H❤❡ ♥✉♠❜❡M ♦❢ ✏❢M❡❡ ❜❛K❡ ❢M❡Q✉❡♥❝② K✉❜✲♠♦❞❡❧K✑ ✐♥ ♥♦♥✲KH❛H✐♦♥❛M② ❛♥❛❧✲
②K❡K✱ H❤❡ ♠✐♥✐♠❛❧ ❡①❝❧✉K✐✈❡ K❡H ♦❢ ❣M♦✉♣K ✇❛K ❡✈❛❧✉❛H❡❞✳ ❇❛K❡❞ ♦♥ χ2✲H❡KHK✱ H❤❡ ❞❛H❛ K❡H ✇❛K ❞✐✈✐❞❡❞
✐♥H♦ H❤M❡❡ ❣M♦✉♣K ❢♦M ❜♦H❤ M❘◆❆ ❣❡♥❡K✳ ■♥ ❜♦H❤ ❣❡♥❡K✱ ❉✐♣H❡M❛ K❤♦✇ ❛ ❤✐❣❤ ❆✴❚ ❝♦♥H❡♥H ❛♥❞
❉✐♣❧✉M❛ K❤♦✇ ❛ ❧♦✇ ❆✴❚ ❝♦♥H❡♥H✳ ❊①❝❧✉K✐♦♥ ♦❢ ♦♥❧② ♦♥❡ ♦❢ H❤❡ ❣M♦✉♣K ✇❛K ♥♦H K✉✣❝✐❡♥H H♦ ♦❜✲
H❛✐♥ ❤♦♠♦❣❡♥❡✐H② ✭✶✽❙✿ ❡①❝❧✉❞✐♥❣ ❉✐♣H❡M❛✿ χ2 = 972.91, df = 423, P = 0.00✱ ❡①❝❧✉❞✐♥❣ ❉✐♣❧✉M❛✿
χ
2
= 532.13, df = 423, P < 0.0003❀ ✷✽❙✿ ❡①❝❧✉❞✐♥❣ ❉✐♣H❡M❛✿ χ2 = 986.72, df = 423, P = 0.00✱
❡①❝❧✉❞✐♥❣ ❉✐♣❧✉M❛✿ χ2 = 813.8, df = 423, P = 0.00✮✳ ❙✐♠✉❧H❛♥❡♦✉K ❡①❝❧✉K✐♦♥ ♦❢ ❜♦H❤ ❣M♦✉♣K ❧❡❞ H♦
❛❝❝❡♣H❛♥❝❡ ♦❢ H
0
❢♦M H❤❡ ✶✽❙ ❛❧✐❣♥♠❡♥H ✭χ2 = 342.22, df = 405, P = 0.99✮✳ ❋♦M H❤❡ ✷✽❙✱ ❡①❝❧✉K✐♦♥
♦❢ ❜♦H❤✱ ❉✐♣H❡M❛ ❛♥❞ ❉✐♣❧✉M❛✱ H
0
✇❛K KH✐❧❧ M❡❥❡❝H❡❞ ✭χ2 = 524.98, df = 405, P < 0.0001✮✳ ❆❢H❡M K♦MH✲
✐♥❣ H❛①❛ ❛❝❝♦M❞✐♥❣ H♦ ❜❛K❡ ❢M❡Q✉❡♥❝✐❡K ✐♥ ❛K❝❡♥❞✐♥❣ ♦M❞❡M✱ ♦♥❧② ❛♥ ❛❞❞✐H✐♦♥❛❧ ❡①❝❧✉K✐♦♥ ♦❢ ^❡O✐♣❛M✉N K♣✳
✭❖♥②❝❤♦♣❤♦M❛✮ ❛♥❞ ❙✐♥❡♥M♦♠♦♥ ❡O②M❤O❛♥✉♠ ✭M♦H✉M❛✮ M❡K✉❧H❡❞ ✐♥ ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥❛❧ ❤♦♠♦❣❡♥❡✐H② ❢♦M
H❤❡ ✷✽❙ ✭H
0
✿ χ2 = 434.99, df = 399, P = 0.1✮✳ ❚❤✉K✱ H❤M❡❡ K✉❜✲♠♦❞❡❧K ❛M❡ K✉✣❝✐❡♥H ❢♦M H❤✐K ❞❛H❛
K❡H H♦ ♠♦❞❡❧ ♥♦♥✲KH❛H✐♦♥❛M②✳ χ2✲H❡KHK ✇❡M❡ K✉❜K❡Q✉❡♥H❧② M❡♣❡❛H❡❞ ❢♦M KH❡♠ ❛♥❞ ❧♦♦♣ M❡❣✐♦♥K ♦❢ ❡❛❝❤
❣❡♥❡✳ ❚❤❡ ❡①❝❧✉K✐♦♥ ♦❢ ❉✐♣❧✉M❛ ✇❛K K✉✣❝✐❡♥H H♦ ♦❜H❛✐♥ ❤♦♠♦❣❡♥❡✐H② ✐♥ ❧♦♦♣ M❡❣✐♦♥K ❢♦M ❜♦H❤ ❣❡♥❡K
✭✶✽❙✿ ✹✼✹ ❝❤❛M❛❝H❡MK✱ P = 0.9757❀ ✷✽❙✿ ✺✹✶ ❝❤❛M❛❝H❡MK✱ P = 0.0684✮✳ ❋♦M ✶✽❙ KH❡♠ M❡❣✐♦♥K✱ ✐H ✇❛K
❧✐❦❡✇✐K❡ K✉✣❝✐❡♥H H♦ ❡①❝❧✉❞❡ ❡✐H❤❡M ❉✐♣H❡M❛ ✭✸✼✽ ❝❤❛M❛❝H❡MK✱ P = 0.6635✮ ♦M ❉✐♣❧✉M❛ ✭✸✽✺ ❝❤❛M❛❝H❡MK✱
P = 0.99✮✳ ❚❤✉K✱ H✇♦ K✉❜✲♠♦❞❡❧K ✇♦✉❧❞ ❜❡ K✉✣❝✐❡♥H ❝♦♥K✐❞❡M✐♥❣ H❤❡ ✶✽❙ ♦♥❧②✳ ■♥ ❝♦♥HM❛KH✱ ❢♦M
✷✽❙ KH❡♠ M❡❣✐♦♥K✱ ❤♦♠♦❣❡♥❡✐H② ✇❛K M❡❝❡✐✈❡❞ ♦♥❧② ❛❢H❡M ❡①❝❧✉K✐♦♥ ♦❢ ❜♦H❤✱ ❉✐♣H❡M❛ ❛♥❞ ❉✐♣❧✉M❛ ✭✺✹✼
❝❤❛M❛❝H❡MK✱ P = 0.99✱ ❚❛❜✳ ✸✳✸✮✳ ❙✐♥❝❡ ^❍❆❙❊✲✷✳✵ ❞♦❡K ♥♦H ❛❧❧♦✇ H♦ ✈❛M② H❤❡ ♥✉♠❜❡M ♦❢ ❝❤♦K❡♥
K✉❜✲♠♦❞❡❧K ❛♠♦♥❣ ♣❛MH✐H✐♦♥K✱ ✜♥❛❧❧② H❤M❡❡ K✉❜✲♠♦❞❡❧K ❤❛✈❡ ❜❡❡♥ ✜HH❡❞ H♦ ❡❛❝❤ ❞❛H❛ ♣❛MH✐H✐♦♥✳
❊①❝❧✉❞❡❞ ❣M♦✉♣K✱ ❉✐♣H❡M❛✱ ❉✐♣❧✉M❛ ❛♥❞ ✭❉✐♣❧✉M❛ ✰ ^❡O✐♣❛M✉N ✰ ❙✐♥❡♥M♦♠♦♥✮ ✇❡M❡ H❡KH❡❞ ❢♦M ❝♦♠♣♦✲
K✐H✐♦♥❛❧ ❜❛K❡ ❤❡H❡M♦❣❡♥❡✐H② ✇✐H❤♦✉H ❝♦♥K✐❞❡M✐♥❣ KH❡♠K ❛♥❞ ❧♦♦♣K✳ ❆❧❧ H❡KHK M❡❥❡❝H ❤♦♠♦❣❡♥❡✐H② ❛♠♦♥❣
H❤❡K❡ K✐♥❣❧❡ H❛①❛✳ ❙✐♥❝❡ ♣❛MK✐♠♦♥② ✉♥✐♥❢♦M♠❛H✐✈❡ K✐H❡K ✇❡M❡ ❡①❝❧✉❞❡❞✱ ♦♥❧② ✷✺✲✸✵ K✐H❡K ❢♦M ❡❛❝❤ ❣M♦✉♣



































































































❋✐❣✉M❡ ✸✳✸✳✿ ◆❡✐❣❤❜♦A♥❡> ❣A❛♣❤@ ❢A♦♠ >❤❡ ❝♦♥❝❛>❡♥❛>❡❞ ♠❛@❦❡❞ ❛❧✐❣♥♠❡♥> ✭✹✱✶✵✷ ❝❤❛A❛❝>❡A@✮✳ ◆❡✐❣❤❜♦A♥❡> ❣A❛♣❤@
✭✉@✐♥❣ ✉♥❝♦AA❡❝>❡❞ ♣✲❞✐@>❛♥❝❡@ ❛♥❞ ▲♦❣❉❡> ❛♥❛❧②@✐@ ✇✐>❤ ✸✵✳✼✾✪ ✐♥✈❛A✐❛❜❧❡ @✐>❡@ ❡@>✐♠❛>❡❞ ✐♥ e❆e✮ ✇❡A❡
❝❛❧❝✉❧❛>❡❞ ✇✐>❤ ❙♣❧✐>@❚A❡❡ ✹✳✶✵✳ ❛ ◆❡✐❣❤❜♦A♥❡> ✭✉♥❝♦AA❡❝>❡❞ ♣✲❞✐@>❛♥❝❡@✮ ♦❢ >❤❡ ❝♦♥❝❛>❡♥❛>❡❞ ♠❛@❦❡❞
❛❧✐❣♥♠❡♥>✳ ❜ ▲♦❣❉❡> ♥❡✐❣❤❜♦A♥❡> ♦❢ >❤❡ ❝♦♥❝❛>❡♥❛>❡❞ ♠❛@❦❡❞ ❛❧✐❣♥♠❡♥>✳ ▼♦♥♦♣❤②❧② ♦❢ ❝❧❛❞❡@ ✐@ ♥♦>
♥❡❝❡@@❛A✐❧② @✉♣♣♦A>❡❞ ✐♥ ❣✐✈❡♥ ♥❡✐❣❤❜♦A♥❡> ❣A❛♣❤@✳ ◗✉♦>❛>✐♦♥ ♠❛A❦@ ✐♥❞✐❝❛>❡ ♦❜✈✐♦✉@❧② ♣♦❧②♣❤②❧❡>✐❝ ❝❧❛❞❡@✳
❛
❜
✾✷ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❋✐❣✉M❡ ✸✳✹✳✿ ■♥♥❡A @❡❝>✐♦♥@ ♦❢ ▲♦❣❉❡> ♥❡✐❣❤❜♦A♥❡> ❣A❛♣❤@ ❜❛@❡❞ ♦♥ >❤❡ ✉♥♠❛@❦❡❞ ✭✶✶✱✻✼✽ ❝❤❛A❛❝>❡A@✮ ❛♥❞ ♠❛@❦❡❞
✭✹✱✶✵✷ ❝❤❛A❛❝>❡A@✮ ❝♦♥❝❛>❡♥❛>❡❞ ❛❧✐❣♥♠❡♥>✳ eA♦♣♦A>✐♦♥ ♦❢ ✐♥✈❛A✐❛❜❧❡ @✐>❡@✿ ✶✱✽✻✻✪ ✭✷✶✽ @✐>❡@✮✱ ✉♥♠❛@❦❡❞
❛❧✐❣♥♠❡♥>❀ ✺✳✷✾✪ ✭✷✶✼ @✐>❡@✮✱ ♠❛@❦❡❞ ❛❧✐❣♥♠❡♥>✳❛ ❙❡❝>✐♦♥ ♦❢ >❤❡ ✉♥♠❛@❦❡❞ ▲♦❣❉❡> ♥❡✐❣❤❜♦A♥❡> ❣A❛♣❤
❜ ❙❡❝>✐♦♥ ♦❢ >❤❡ ♠❛@❦❡❞ ▲♦❣❉❡> ♥❡✐❣❤❜♦A♥❡>✳ ✐>❤✐♥ ❞❡❡♣ @♣❧✐>@✱ ♣❛>>❡A♥@ ❛A❡ @❧✐❣❤>❧② ♠♦A❡ ❞✐@>✐♥❝>




❚❤M❡❡ ❝♦♠❜✐♥❛H✐♦♥K ♦❢ ♠✐①❡❞ ♠♦❞❡❧K ✭❘❊✰ Γ ✫❘◆❆✶✻■ ✰ Γ ✱ ❚◆✾✸ ✰ Γ ✫ ❘◆❆✶✻❏✰ Γ ❛♥❞ ❍❑✽✺✰
Γ ✫❘◆❆✶✻❑✰ Γ ✮ ✇❡M❡ ❝♦♠♣❛M❡❞ H♦ K❡❧❡❝H H❤❡ ❜❡KH ♠♦❞❡❧ K❡H✳ ❚❤❡ ♦✈❡M❛❧❧ ln ❧✐❦❡❧✐❤♦♦❞ ❝♦♥✈❡M❣❡❞
❢♦M ❛❧❧ H❡KH❡❞ ♠♦❞❡❧K ✭❜✉M♥✲✐♥✿ ✷✺✵✱✹✾✾ ❣❡♥❡M❛H✐♦♥K✱ ♣M❡✲M✉♥ ■✮✳ ▼♦KH ♣❛M❛♠❡H❡MK ❞✐❞ ♥♦H ❝♦♥✈❡M❣❡ ❢♦M
❝♦♠❜✐♥❡❞ ❘❊✰ Γ ✫❘◆❆✶✻■ ✰ Γ ♠♦❞❡❧K❀ H❤✐K ♠♦❞❡❧ ♠✐①❡❞ ✇❛K ❡①❝❧✉❞❡❞ ❢M♦♠ ❢✉MH❤❡M ❛♥❛❧②K❡K ✭K❡❡
❋✐❣✳ ✸✳✷✮✳ ❋♦M ❡❛❝❤ ♦❢ H❤❡ M❡♠❛✐♥✐♥❣ ♠♦❞❡❧ K❡HK✱ ♦♥❡ ❝❤❛✐♥ ✇❛K ✐♥✐H✐❛H❡❞ ❢♦M ✸ ♠✐❧❧✐♦♥ ❣❡♥❡M❛H✐♦♥K ✭❜✉M♥✲
✐♥✿ ✷✾✾✱✾✾✾ ❣❡♥❡M❛H✐♦♥K✮✳ ❚❤❡ ❇❛②❡K ❋❛❝H♦M ❚❡KH ✭❑❛❛K ❛♥❞ ❘❛❢H❡M②✱ ✶✾✾✺❀ ◆②❧❛♥❞❡M ❡H ❛❧✳✱ ✷✵✵✹✮✱
KHM♦♥❣❧② ❢❛✈♦M❡❞ ♠♦❞❡❧ K❡H ❚◆✾✸✰ Γ ✫❘◆❆✶✻❏✰ Γ ✭2lnB
10
= 425.39✱ ❤❛M♠♦♥✐❝ ♠❡❛♥ lnL
0
✭❚◆✾✸✰
Γ ✫❘◆❆✶✻❏✰ Γ ✮= 79791.08❀ ❤❛M♠♦♥✐❝ ♠❡❛♥ lnL
1
✭❍❑✽✺✰ Γ ✫❘◆❆✶✻❑ ✰ Γ ✮= 80003.78✮✳ ❙✉❜✲
K❡Q✉❡♥H❧② H♦ ✜♥❛❧ KH❛H✐♦♥❛M② ❛♥❞ ♥♦♥✲KH❛H✐♦♥❛M② ❛♥❛❧②K❡K✱ ❛❧❧ K✐♥❣❧❡ ❝❤❛✐♥K ✇❤✐❝❤ ♣❛KK❡❞ ❛ H❤M❡K❤♦❧❞
✈❛❧✉❡ ♦❢ 2lnB
10
< 10 ✐♥ ❛ ❇❋❚ ✇❡M❡ ❛KK❡♠❜❧❡❞ H♦ ❛ ♠❡H❛❝❤❛✐♥ ✭❋✐❣✳ ✸✳✷✮✳ ❙✉♣♣♦MH ✈❛❧✉❡K ✭❚❛❜✳
✸✳✹✱ ❝♦❧✉♠♥K ❘◆❆✴❉◆❆✮ ❞❡M✐✈❡❞ ❢M♦♠ ✺✻✱✵✵✵ K❛♠♣❧❡❞ HM❡❡K ❢♦M H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ✭❋✐❣✳
✸✳✺✮ ❛♥❞ ❢M♦♠ ✶✽✱✵✵✵ K❛♠♣❧❡❞ HM❡❡K ❢♦M H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ✭❋✐❣✳ ✸✳✻✮✳ ❍❛M♠♦♥✐❝ ♠❡❛♥K ♦❢ ln
❧✐❦❡❧✐❤♦♦❞K ❢M♦♠ ✐♥❝❧✉❞❡❞ ♥♦♥✲KH❛H✐♦♥❛M② ❝❤❛✐♥K ✇❡M❡ ❝♦♠♣❛M❡❞ ❛❣❛✐♥KH ❛❧❧ ln ❧✐❦❡❧✐❤♦♦❞K ♦❢ ✐♥❝❧✉❞❡❞





❆♥❛❧♦❣✉❡ H♦ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ ❛♣♣M♦❛❝❤✱ ❝❤❛✐♥K ♦❢ ❉◆❆ M✉♥K ✭❚◆✾✸✰ Γ ✮ ✇✐H❤ ❛ H❤M❡K❤♦❧❞ ✈❛❧✉❡ ♦❢
2lnB
10
< 10 ✭❇❋❚✮ ✇❡M❡ ♠❡M❣❡❞ ✐♥H♦ ♦♥❡ ♠❡H❛❝❤❛✐♥✳ ❚❤M❡❡ ♥♦♥✲KH❛H✐♦♥❛M② ❝❤❛✐♥K ✇❡M❡ ❝♦♠❜✐♥❡❞ H♦
✸✳✸✳ ❘❡K✉❧HK ✾✸
✐♥❢❡M H❤❡ ❝♦♥K❡♥K✉K HM❡❡✳ ❋♦M H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤✱ H❤❡ ❝♦♥K❡♥K✉K HM❡❡ ✇❛K ❞❡M✐✈❡❞ ❢M♦♠ ♦♥❧② ♦♥❡
❝❤❛✐♥✳ ❙✉♣♣♦MH ✈❛❧✉❡K ✇❡M❡ ❞❡❞✉❝❡❞ ❢M♦♠ ✶✺✱✵✵✵ K❛♠♣❧❡❞ HM❡❡K ✭✸ ❝❤❛✐♥K✮ ❢♦M H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② K❡H
❛♥❞ ❢M♦♠ ✺✱✵✵✵ K❛♠♣❧❡❞ HM❡❡K ✭♦♥❡ ❝❤❛✐♥✮ ❢♦M H❤❡ KH❛H✐♦♥❛M② K❡H ✭❚❛❜✳ ✸✳✹✱ ❝♦❧✉♠♥K ❉◆❆✮✳ ❍❛M♠♦♥✐❝
♠❡❛♥K ♦❢ ln ❧✐❦❡❧✐❤♦♦❞K ♦❢ ✐♥❝❧✉❞❡❞ ♥♦♥✲KH❛H✐♦♥❛M② ❝❤❛✐♥K ✇❡M❡ ❝♦♠♣❛M❡❞ ❛❣❛✐♥KH ln ❧✐❦❡❧✐❤♦♦❞K ♦❢
✐♥❝❧✉❞❡❞ KH❛H✐♦♥❛M② ❝❤❛✐♥K ✭❜✉M♥✲✐♥ ❞✐K❝❛M❞❡❞✮ ✐♥ ❛ ✜♥❛❧ ❇❋❚✳ ❆❣❛✐♥✱ ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✇❛K
KHM♦♥❣❧② ❢❛✈♦M❡❞ ✭2lnB
10
= 1544.12✮✳ ❈♦♠♣❛M✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ ♠♦❞❡❧K ✈❡ON✉N ♠✐①❡❞ ♠♦❞❡❧K✱
❤♦✇❡✈❡M✱ KH❛♥❞❛M❞ ❉◆❆ ♠♦❞❡❧✐♥❣ ✇❛K ❢❛✈♦M❡❞ ✭2lnB
10
= 3296.55✮✳
✾✹ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
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❍❡①❛♣♦❞❛ ✵✳✾✻ ✵✳✾✻ ✲ ✵✳✾✹
❊♥C♦❣♥❛C❤❛✿ ✭✭RG♦C✉G❛✱❉✐♣❧✉G❛✮✭❈♦❧❧❡♠❜♦❧❛✮✮ ✵✳✾✽ ✶✳✵ ✲ ✶✳✵
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✭❈5❡♥♦❧❡♣✐6♠❛✱RC❡G②❣♦C❛✮ ✲ ✲ ✵✳✾✾ ✲
RC❡G②❣♦C❛ ✵✳✾✼ ✵✳✾✺ ✵✳✾✹ ✵✳✾✻
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◆❡♦♣C❡G❛ ✵✳✾✽ ✶✳✵ ✶✳✵ ✶✳✵
❍❡♠✐♣C❡G❛ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
✭✭❆❝❤❡5❛✱▼❛♥C♦♣❤❛E♠❛C♦❞❡❛✮✭R❤❛E♠❛C♦❞❡❛✮✮ ✵✳✽✷ ✵✳✾✾ ✶✳✵ ✵✳✾✼
✭❆❝❤❡5❛✱▼❛♥C♦♣❤❛E♠❛C♦❞❡❛✮ ✵✳✽✶ ✵✳✾✸ ✵✳✾✾ ✵✳✾✸
R❤❛E♠❛C♦❞❡❛ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
▼❛♥C♦♣❤❛E♠❛C♦❞❡❛ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
✬❖GC❤♦♣C❡G❛✬ ✭❡①❝❧✿ ❆❝❤❡5❛✮ ✵✳✾✾ ✵✳✾✽ ✶✳✵ ✶✳✵
✭✭❉❡G♠❛♣C❡G❛✱R❧❡❝♦♣C❡G❛✮✭❉✐❝C②♦♣C❡G❛✮✮ ✵✳✹✷ ✵✳✾✹ ✲ ✵✳✽✸
❉✐❝C②♦♣C❡G❛ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
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❇❧❛CC❛G✐❛ ✲ ✲ ✲ ✲
✭✭✭❉❡G♠❛♣C❡G❛✱R❧❡❝♦♣C❡G❛✮✭❉✐❝C②♦♣C❡G❛✮✮✭❊♥❞♦♣C❡G②❣♦C❛✮✮ ✵✳✸✾ ✵✳✽✽ ✲ ✵✳✽✹
✭✭❉❡G♠❛♣C❡G❛✱R❧❡❝♦♣C❡G❛✮✭❊♥❞♦♣C❡G②❣♦C❛✮✮ ✲ ✲ ✵✳✸✽ ✲
✭❉❡G♠❛♣C❡G❛✱R❧❡❝♦♣C❡G❛✮ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
❊♥❞♦♣C❡G②❣♦C❛ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
✭❍②♠❡♥♦♣C❡G❛✱ G❡♠❛✐♥✐♥❣ ❡♥❞♦♣C❡G②❣♦C❡ ✐♥E❡❝CE✮ ✶✳✵ ✲ ✶✳✵ ✲
❍②♠❡♥♦♣C❡G❛ ✵✳✽✵ ✲ ✵✳✾✵ ✲
✭✭▲❡♣✐❞♦♣C❡G❛✱❚G✐❝❤♦♣C❡G❛✮❉✐♣C❡G❛✮ ✲ ✲ ✵✳✾✵ ✲
✭▲❡♣✐❞♦♣C❡G❛✱❚G✐❝❤♦♣C❡G❛✮ ✶✳✵ ✶✳✵ ✶✳✵ ✶✳✵
✸✳✸✳ ❘❡K✉❧HK ✾✼
■♥ ❝♦♥HM❛KH✱ ✐♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② HM❡❡ ▼❛❧❛❝♦KHM❛❝❛ ❛M❡ ♣❧❛❝❡❞ ♠♦M❡ H❡M♠✐♥❛❧ ❛♥❞ ❛M❡ K✐KH❡M ❣M♦✉♣ ♦❢
✭❡♥H❛KH♦♠✐❞❛✭✭❈❡♣❤❛❧♦❝❛M✐❞❛✱❇M❛♥❝❤✐♦♣♦❞❛✮ ✰ ✭❈♦♣❡♣♦❞❛✱❍❡①❛♣♦❞❛✮✮✮✳ ❍♦✇❡✈❡M✱ H❤❡ ♣♦K✐H✐♦♥ ♦❢
❡♥H❛KH♦♠✐❞❛ ✐K ❧♦✇ K✉♣♣♦MH❡❞✳ ✹✮ ■♥ H❤❡ KH❛H✐♦♥❛M② HM❡❡✱ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ✐K ❛ K✐KH❡M H❛①♦♥ H♦ ▲❡♣✲
✐N♠❛ ✇✐H❤ ❧♦✇ K✉♣♣♦MH ✭♣ ✵✳✼✷✮✳ ❚❤✐K ❝❧❛❞❡ ✐K ♥❡KH❡❞ ✇✐H❤✐♥ M❡♠❛✐♥✐♥❣ ❤❡①❛♣♦❞K ✭❋✐❣✳ ✸✳✻✮✳ ❚❤✉K✱
❍❡①❛♣♦❞❛ ❛M❡ M❡K♦❧✈❡❞ ♦♥❧② ✐♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② HM❡❡ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ✭♣ ✵✳✾✻✱ ❋✐❣✳ ✸✳✺✮✳ ❍❡M❡✱
❈♦♣❡♣♦❞❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❍❡①❛♣♦❞❛✱ ❜✉H ✇✐H❤ ❧♦✇ K✉♣♣♦MH ✭♣ ✵✳✻✾✮✳ ✺✮ ▲✐❦❡✇✐K❡✱ ❈♦♣❡♣♦❞❛ ❛M❡
K✐KH❡M ❣M♦✉♣ ♦❢ ✭✭▲❡♣✐N♠❛✱❍✉M❝❤✐♥N♦♥✐❡❧❧❛✮ ✰ M❡♠❛✐♥✐♥❣ ❤❡①❛♣♦❞K✮ ✐♥ H❤❡ H✐♠❡✲❤♦♠♦❣❡♥❡♦✉K HM❡❡ ✭❋✐❣✳
✸✳✻✮✳ ❆❣❛✐♥✱ H❤✐K K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ K❤♦✇K ❧♦✇ K✉♣♣♦MH✳ ✻✮ ❈♦♥K❡Q✉❡♥H❧②✱ ❊♥H♦❣♥❛H❤❛ ✭♣ ✵✳✾✽✮✱
❊❝H♦❣♥❛H❤❛ ✭♣ ✶✳✵✮ ❛♥❞ ❉✐❝♦♥❞②❧✐❛ ✭♣ ✵✳✾✾✮ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ♦♥❧② ✐♥ H❤❡ H✐♠❡✲❤❡H❡M♦❣❡♥❡♦✉K HM❡❡✳
M✐♠❛M② ✇✐♥❣❧❡KK ❤❡①❛♣♦❞K ❛M❡ ♣❛M❛♣❤②❧❡H✐❝ ❛K ✇❛K ❡①♣❡❝H❡❞✿ ❆M❝❤❛❡♦❣♥❛H❤❛ ❛M❡ ✐♥❢❡MM❡❞ ❛K K✐KH❡M
❣M♦✉♣ H♦ ❉✐❝♦♥❞②❧✐❛✳ ✼✮ ✐H❤✐♥ ♣H❡M②❣♦H❡ ✐♥K❡❝HK✱ ✭❉❡M♠❛♣H❡M❛✱❧❡❝♦♣H❡M❛✮ ❛M❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❉✐❝H②✲
♦♣H❡M❛ ✐♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② HM❡❡✳ ■♥ ❝♦♥HM❛KH✱ H❤❡② ❛M❡ ♣❧❛❝❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ❊♥❞♦♣H❡M②❣♦H❛ ✐♥
H❤❡ KH❛H✐♦♥❛M② HM❡❡✳ ❍♦✇❡✈❡M✱ ❜♦H❤ K❝❡♥❛M✐♦K ❛M❡ ♥❡❣❧✐❣✐❜❧② K✉♣♣♦MH❡❞✳
◆♦♥✲NL❛L✐♦♥❛P② ❉◆❆ ✈❡PN✉N ♥♦♥✲NL❛L✐♦♥❛P② ♠✐①❡❞ ♠♦❞❡❧ L♦♣♦❧♦❣②
❙✐♥❝❡ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ ♠♦❞❡❧ HM❡❡ ✐K KHM♦♥❣❧② ❢❛✈♦M❡❞ ♦✈❡M H❤❡ KH❛H✐♦♥❛M② HM❡❡ ✐♥ ❛ ❇❋❚
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= 1544.12✮✱ ♦♥❧② H♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ ❛♥❞ H❤❡
♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ HM❡❡ ❛M❡ K✉♠♠❛M✐③❡❞ ✭❚❛❜✳ ✸✳✹✮✳ ■♥ ♠❛♥② ✐♥KH❛♥❝❡K✱ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆
H♦♣♦❧♦❣② M❡K❡♠❜❧❡K H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳ ▼❛❥♦M ❞✐✛❡M❡♥❝❡K ♠❛✐♥❧② ❝♦♥❝❡M♥ M❡❧❛H✐♦♥✲
K❤✐♣K ❜❡H✇❡❡♥ ❝M✉KH❛❝❡❛♥K ♦M❞❡MK ❛♥❞ H❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❤②♠❡♥♦♣H❡M❛♥K✳ ▼✐♥♦M ❞✐✛❡M❡♥❝❡K ♦❝❝✉M
✇✐H❤✐♥ M♦H✉M❛✱ ❈♦❧❧❡♠❜♦❧❛✱ ❖❞♦♥❛H❛ ❛♥❞ ❊♣❤❡♠❡M♦♣H❡M❛✳ ❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ❜❡H✇❡❡♥ H❤❡ ♥♦♥✲
KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ ❛♥❞ H❤❡ ❉◆❆ HM❡❡ ❛M❡ ✈✐K✉❛❧✐③❡❞ ✐♥ H❤❡ ❝♦♥K❡♥K✉K ♥❡H✇♦M❦ ✭❋✐❣✳ ✸✳✼✮✳ ❇❧❛❝❦
❧✐♥❡K ✐♥❞✐❝❛H❡ ❝♦♥HM❛❞✐❝H♦M② M❡❧❛H✐♦♥K❤✐♣K H❤❛H ❛M❡ ♦♥❧② ♣M❡K❡♥H ✐♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ HM❡❡✳
❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡O❡♥❝❡N ✇✐M❤✐♥ ❝O✉NM❛❝❡❛♥N
▼♦KH ♦❜✈✐♦✉K ❛M❡ ❞✐✛❡M❡♥❝❡K ✇✐H❤✐♥ ❝M✉KH❛❝❡❛♥K ✭❋✐❣✳ ✸✳✼✮✳ ❚❤❡ ❝❡♣❤❛❧♦❝❛M✐❞ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ✐K
K✉❣❣❡KH❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ H♦ ❇M❛♥❝❤✐♦♣♦❞❛ ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡ ✭❋✐❣✳ ✸✳✺✮✳ ■♥ ❝♦♥HM❛KH✱
❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ✐K ♣❧❛❝❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦ H❤❡ M❡♠✐♣❡❞❡ ❙♣❡❧❡♦♥❡❝M❡N ✐♥ H❤❡ ❉◆❆ HM❡❡✳ ❇♦H❤
H❛①❛ K❤♦✇ ❧♦♥❣ ❜M❛♥❝❤❡K✳ ❚❤✐K ❝❧❛❞❡ ✭❍✉M❝❤✐♥N♦♥✐❡❧❧❛✱❙♣❡❧❡♦♥❡❝M❡N✮ ✐K ✐♥❢❡MM❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦
✭❇M❛♥❝❤✐✉M❛✱❈✐MM✐♣❡❞✐❛✮✳ ■♥ ❝♦♥HM❛KH✱ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡ K✉❣❣❡KHK ❙♣❡❧❡♦♥❡❝M❡N ❛K K✐KH❡M ❣M♦✉♣ H♦
✭❇M❛♥❝❤✐✉M❛✱❈✐MM✐♣❡❞✐❛✮✳ ✭❙♣❡❧❡♦♥❡❝M❡N ✭❇M❛♥❝❤✐✉M❛✱❈✐MM✐♣❡❞✐❛✮✮ K❤♦✇K ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ✇✐H❤
✭▼②KH❛❝♦❝❛M✐❞❛✱❖KHM❛❝♦❞❛✮✳ ▼❛❧❛❝♦KHM❛❝❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ✭▼②KH❛❝♦❝❛M✐❞❛✱❖KHM❛❝♦❞❛✮ ✐♥ H❤❡ ❉◆❆
HM❡❡ ✭❋✐❣✳ ✸✳✺✮✳ ❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❘❛✐❧❧✐❡M✐❡❧❧❛ ✐K K✐♠✐❧❛M ✐♥ ❜♦H❤ HM❡❡K✳ ❆❧❧ K❝❡♥❛M✐♦K ❛M❡ ♥❡❣❧✐❣✐❜❧② K✉♣✲
♣♦MH❡❞ ✭❚❛❜✳ ✸✳✹✮✳
❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡O❡♥❝❡N ✇✐M❤✐♥ ^O♦M✉O❛ ❛♥❞ ❈♦❧❧❡♠❜♦❧❛
✐H❤✐♥ ♣M♦H✉M❛♥K✱ ❙✐♥❡♥M♦♠♦♥ ✭❙✐♥❡♥H♦♠✐❞❛❡✮ ✐K ♥❡KH❡❞ ✇✐H❤✐♥ ❊♦K❡♥H♦♠✐❞❛❡ ✇✐H❤ ✇❡❛❦ K✉♣♣♦MH ✐♥
H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ HM❡❡✳ ❚❤✉K✱ ❊♦K❡♥H♦♠✐❞❛❡ ❛M❡ ♣❛M❛♣❤②❧❡H✐❝✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ ❙✐♥❡♥M♦♠♦♥ ❛K
❛ K✐KH❡M ❣M♦✉♣ ♦❢ ❆❝❡M❡♥H♦♠✐❞❛❡ ❛❧K♦ K❤♦✇K ✇❡❛❦ K✉♣♣♦MH ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡ ✇❤✐❧❡ ❊♦K❡♥H♦♠✐❞❛❡
❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✳
✐H❤✐♥ ❈♦❧❧❡♠❜♦❧❛✱ ●♦♠♣❤✐♦❝❡♣❤❛❧✉N✱ ❛ ♠❡♠❜❡M ♦❢ H❤❡ ❢❛♠✐❧② ❍②♣♦❣❛KHM✉M✐❞❛❡✱ ✐K ❛ K✐KH❡M ❣M♦✉♣ H♦
✭^♦❞✉O❛✱◆❡❛♥✉M✐❞❛❡✮ ✐♥ H❤❡ ❉◆❆ HM❡❡✳ ❚❤✐K ❝♦♥HM❛❞✐❝HK H❤❡ ♠✐①❡❞ ♠♦❞❡❧ H♦♣♦❧♦❣②✿ ❤❡M❡ ^♦❞✉O❛ ❛♥❞
●♦♠♣❤✐♦❝❡♣❤❛❧✉N ❛M❡ K✐KH❡M H❛①❛✳ ❇♦H❤ K❝❡♥❛M✐♦K ❛M❡ ✇❡❛❦❧② K✉♣♣♦MH❡❞✳ ■♥ ❜♦H❤ HM❡❡K✱ ❍②♣♦❣❛KHM✉M✐❞❛❡
❛M❡ ♣♦❧②♣❤②❧❡H✐❝✳

























































































































































































































































































❋✐❣✉M❡ ✸✳✺✳✿ ▼✐①❡❞ ♠♦❞❡❧✱ ♥♦♥✲@>❛>✐♦♥❛A② ✭>✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@✮ ❝♦♥@❡♥@✉@ >A❡❡ ❞❡❞✉❝❡❞ ❢A♦♠ ✺✻✱✵✵✵ @❛♠♣❧❡❞ >A❡❡@
✐♥❢❡AA❡❞ ✇✐>❤ 9❍❆❙❊✲✷✳✵✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❜❡❧♦✇ ✵✳✼✵✿ ♥♦❞❡@ ✇✐>❤♦✉> ❞♦>@✱ ✈❛❧✉❡@ ♥♦> @❤♦✇♥❀ ♣e ❂ ✶✳✵✿
A❡♣A❡@❡♥>❡❞ ❜② ❛ ❞♦> ♦♥❧②✳ ◗✉♦>❛>✐♦♥ ♠❛A❦@ ✐♥❞✐❝❛>❡ >❤❛> ♠♦♥♦♣❤②❧② ✐@ ♥♦> @✉♣♣♦A>❡❞✳ ❈♦❧♦A ❝♦❞❡ ✐@
























































































































































































































































































❋✐❣✉M❡ ✸✳✻✳✿ ▼✐①❡❞ ♠♦❞❡❧✱ @>❛>✐♦♥❛A② ✭>✐♠❡✲❤♦♠♦❣❡♥❡♦✉@✮ ❝♦♥@❡♥@✉@ >A❡❡ ❞❡❞✉❝❡❞ ❢A♦♠ ✶✽✱✵✵✵ @❛♠♣❧❡❞ >A❡❡@ ✐♥❢❡AA❡❞
✇✐>❤ 9❍❆❙❊✲✷✳✵✳ ❙✉♣♣♦A> ✈❛❧✉❡@ ❜❡❧♦✇ ✵✳✼✵✿ ♥♦❞❡@ ✇✐>❤♦✉> ❞♦>@✱ ✈❛❧✉❡@ ♥♦> @❤♦✇♥❀ ♣e ❂ ✶✳✵✿ A❡♣A❡@❡♥>❡❞
❜② ❛ ❞♦> ♦♥❧②✳ ●A❛② ❞♦>✿ ❝❧❛❞❡ ❝♦♥>❛✐♥✐♥❣ ❛❧❧ ❤❡①❛♣♦❞@ ✐♥❝❧✉❞✐♥❣ ❍✉=❝❤✐♥?♦♥✐❡❧❧❛ ✭❈❡♣❤❛❧♦❝❛A✐❞❛✱ ❈A✉@>❛❝❡❛✮
✰ ▲❡♣✐?♠❛ ✭❍❡①❛♣♦❞❛✱ ②❣❡♥>♦♠❛✮❀ ♣e ✵✳✺✽✳ ◗✉♦>❛>✐♦♥ ♠❛A❦@ ✐♥❞✐❝❛>❡ >❤❛> ♠♦♥♦♣❤②❧② ✐@ ♥♦> @✉♣♣♦A>❡❞✳
❈♦❧♦A ❝♦❞❡ ✐@ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✸✳✸✳
✶✵✵ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡O❡♥❝❡N ✇✐M❤✐♥ ❖❞♦♥❛M❛ ❛♥❞ ❊♣❤❡♠❡O♦♣M❡O❛
✐H❤✐♥ ♦❞♦♥❛H❡K✱ H❤❡ ❞❛♠K❡❧✢② ▲❡NM❡N ❜M❛♥❝❤❡K ♦✛ ❛K ♠♦KH ❜❛K❛❧ K♣❧✐H ✭♣ ✶✳✵✮❀ H❤❡ ❛♥✐K♦③②❣♦♣H❡M❛♥
❊♣✐♦♣❤❧❡❜✐❛ ❜M❛♥❝❤❡❞ ♦✛ ❛K K❡❝♦♥❞ K♣❧✐H ✭♣ ✵✳✾✸✮ ✐♥ H❤❡ ❉◆❆ H♦♣♦❧♦❣② ✇❤✐❧❡ ✐H ✐K ✈✐❝❡ ✈❡MK❛ ✭♣✳ ✶✳✵✱
♣ ✵✳✾✺✮ ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳
❚❤❡ ♠❛②✢② ❊♣♦O✉N ✐K K✉❣❣❡KH❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦ ✭❈❛❧❧✐❜❛❡M❡N✱❙✐♣❤❧♦♥✉O❛✮✳ ▲❛HH❡M ❝❧❛❞❡ ✐K ♥❡❣❧✐❣✐❜❧②
K✉♣♣♦MH❡❞ ✭♣ ✵✳✺✻✮ ✐♥ H❤❡ ❉◆❆ HM❡❡✳ ■♥ ❝♦♥HM❛KH✱ ❈❛❧❧✐❜❛❡M❡N ❜M❛♥❝❤❡K ♦✛ ✜MKH ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧


























































❋✐❣✉M❡ ✸✳✼✳✿ ❈♦♥@❡♥@✉@ ♥❡>✇♦A❦ ✐♥❢❡AA❡❞ ❢A♦♠ ❜♦>❤ ♥♦♥✲@>❛>✐♦♥❛A② >♦♣♦❧♦❣✐❡@ ✭❉◆❆ ❛♥❞ ❘◆❆✴❉◆❆ >A❡❡✮✳ ❚❤❡
❝♦♥@❡♥@✉@ ♥❡>✇♦A❦ ✇❛@ ❝❛❧❝✉❧❛>❡❞ ✇✐>❤ ❙♣❧✐>@❚A❡❡ ✹✳✶✵ ✭❍✉@♦♥ ❛♥❞ ❇A②❛♥>✱ ✷✵✵✻✮ ✭❝♦♥✢✐❝> >❤A❡@❤♦❧❞✿
✵✳✵✶✮✳ ❇❧❛❝❦ ❧✐♥❡@ ✐♥❞✐❝❛>❡ ❝♦♥>A❛❞✐❝>♦A② A❡❧❛>✐♦♥@❤✐♣@ >❤❛> ❛A❡ ♦♥❧② ♣A❡@❡♥> ✐♥ >❤❡ ❉◆❆ >A❡❡✳ ❚❛①❛ ♣A✐♥>❡❞
✐♥ ❜❧❛❝❦ ✐♥❞✐❝❛>❡ ❛ ❞✐✛❡A❡♥> ♣❧❛❝❡♠❡♥> ❝♦♠♣❛A❡❞ ✇✐>❤ >❤❡ ❘◆❆✴❉◆❆ >A❡❡✳ ●A❡❡♥ ❧✐♥❡@ ✐♥❞✐❝❛>❡ ❛ @✐♠✐❧❛A
>♦♣♦❧♦❣② ✐♥ >❤❡ ❉◆❆ ❛♥❞ ❘◆❆✴❉◆❆ >A❡❡✳
✸✳✸✳ ❘❡K✉❧HK ✶✵✶
❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡O❡♥❝❡N ❝♦♥N✐❞❡O✐♥❣ ❤②♠❡♥♦♣M❡O❛♥ ✐♥N❡❝MN
❍②♠❡♥♦♣H❡M❛♥K ❛M❡ ♣♦❧②♣❤②❧❡H✐❝ ✐♥ H❤❡ ❉◆❆ H♦♣♦❧♦❣②✿ ❚❡♥H❤M❡❞✐♥✐❞❛❡ K♣✳ ❜M❛♥❝❤❡K ♦✛ ✜MKH ✇✐H❤✐♥
❊♥❞♦♣H❡M②❣♦H❛✳ ❈♦❧❡♦♣H❡M❛ ❛M❡ ♥❡KH❡❞ ❜❡H✇❡❡♥ ❚❡♥H❤M❡❞✐♥✐❞❛❡ K♣✳ ❛♥❞ M❡♠❛✐♥✐♥❣ ❤②♠❡♥♦♣H❡M❛♥K✳
❚❤✐K ✬♠✐①❡❞✬ ❝❧❛❞❡ ✐K ♥❡❣❧✐❣✐❜❧② K✉♣♣♦MH❡❞ ✭♣ ✵✳✸✸✮✳ ❚❤❡ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❈♦❧❡♦♣H❡M❛
✰ M❡♠❛✐♥✐♥❣ ❤②♠❡♥♦♣H❡M❛♥K ❛❧K♦ K❤♦✇K ♥❡❣❧✐❣✐❜❧❡ K✉♣♣♦MH ✭♣ ✵✳✸✮✳ ■♥ ❝♦♥HM❛KH✱ ❍②♠❡♥♦♣H❡M❛ ❛M❡
♠♦♥♦♣❤②❧❡H✐❝ ❛♥❞ ❜M❛♥❝❤ ♦✛ ❛K ♠♦KH ❜❛K❛❧ K♣❧✐H ✇✐H❤✐♥ ❊♥❞♦♣H❡M②❣♦H❛ ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳
❈♦❧❡♦♣H❡M❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK✳ ❍❡M❡✱ ❛❧❧ K♣❧✐HK K❤♦✇ ♠❛①✐♠❛❧ K✉♣♣♦MH✳
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◆♦ M❡♠❛M❦❛❜❧❡ ❞✐✛❡M❡♥❝❡K ❛M❡ M❡❝♦❣♥✐③❡❞ ❝♦♠♣❛M✐♥❣ ❜M❛♥❝❤ ❧❡♥❣H❤K ♦❢ ❜♦H❤ HM❡❡K✳ ❇M❛♥❝❤ ❧❡♥❣H❤K
K❧✐❣❤H❧② ❞✐✛❡M ✐♥ H❤❡ ✸M❞ ♦M ✹H❤ ❞❡❝✐♠❛❧ ♣❧❛❝❡✱ ❜✉H H❤✐K ✐K ♥♦H ❛♣♣❛M❡♥H ✬❜② ❡②❡✬✳ ❚❤❡M❡ ✐K ♥♦ H❡♥✲
❞❡♥❝② H♦ K❤♦MH❡M ♦M ❧♦♥❣❡M ❜M❛♥❝❤ ❧❡♥❣H❤K ♣❡M❝❡♣H✐❜❧❡ ❝♦♠♣❛M✐♥❣ ❜♦H❤ HM❡❡K✳ ✐H❤ M❡K♣❡❝H H♦ ♥♦❞❡
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♥❛✮✮✳ ❙✉♣♣♦MH ✈❛❧✉❡K K❧✐❣❤H❧② ❞❡❝M❡❛K❡ ❢♦M ❡✳❣✳ ❛♥❝M✉KH❛❝❡❛✱ ✭❈♦♣❡♣♦❞❛✱❍❡①❛♣♦❞❛✮✱ ❉✐❝♦♥❞②❧✐❛ ♦M
H❡M②❣♦H❛ ✭❚❛❜✳ ✸✳✹✮✳ ▼♦KH KHM♦♥❣ ❞❡❝M❡❛K❡K ♦❝❝✉M✱ ❢♦M ❡①❛♠♣❧❡✱ ❢♦M ✭▼②M✐♦❝❤❡❧❛H❛ ✏♣❛MH✐♠✑✱❛♥❝M✉KH❛✲
❝❡❛✮ ❛♥❞ ❢♦M ✭❈♦♣❡♣♦❞❛✱❍❡①❛♣♦❞❛✮✳
✶✵✷ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
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✇✐H❤✐♥ H❤❡ ♣M❡K❡♥H ♠✐①❡❞ ♠♦❞❡❧ ❛♣♣M♦❛❝❤❡K✳ ✶✻✕KH❛H❡ ♠♦❞❡❧K ♠✐❣❤H ❜❡ ♣M♦❜❧❡♠❛H✐❝ ❜❡❝❛✉K❡ ✐H ✐K
❞✐✣❝✉❧H H♦ ✜H H❤❡K❡ ♠♦❞❡❧K H♦ M❡❛❧ ❞❛H❛ ❞✉❡ H♦ ♣❛M❛♠❡H❡M✲M✐❝❤♥❡KK✳ ❉♦❤M♠❛♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ❝♦♠♣❛M❡❞
✻✕KH❛H❡ ❛♥❞ ✼✕KH❛H❡ ❘◆❆ ♠♦❞❡❧K✳ ❚❤❡② ♦❜K❡M✈❡❞ H❤❛H ♣❛M❛♠❡H❡M✲M✐❝❤ ♠♦❞❡❧K ♠✐❣❤H ❤❛✈❡ ❜❡❡♥ ♦✈❡M✲
♣❛M❛♠❡H❡M✐③❡❞ ❛♥❞ H❤✉K ❧❡❞ H♦ ❜✐❛K❡❞ ❧✐❦❡❧✐❤♦♦❞ K❝♦M❡K✳ ❆ ❇❛②❡K ❋❛❝H♦M ❚❡KH ❝❧❡❛M❧② ❢❛✈♦M❡❞ ❧❡KK ❝♦♠♣❧❡①
❘◆❆ ♠♦❞❡❧K✳ ◆❡✈❡MH❤❡❧❡KK✱ ❘◆❆ ♠♦❞❡❧K ♦✉H♣❡M❢♦M♠❡❞ ❉◆❆ ♠♦❞❡❧K ✐♥ KH❡♠ M❡❣✐♦♥K ✭❉♦❤M♠❛♥♥ ❡H ❛❧✳✱
✷✵✵✽❀ ▲❡HK❝❤ ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❊✈❡♥ H❤❡ ✬❜❡KH ❝❤♦✐❝❡✬ ♦❢ ❛ ❝♦♥K❡♥K✉K K❡❝♦♥❞❛M② KHM✉❝H✉M❡ ❝❛♥ ♦♥❧② ❝❛♣H✉M❡
♣M❡❞♦♠✐♥❛♥H❧② ❝♦♥K❡M✈❡❞ KHM✉❝H✉M❛❧ ❢❡❛H✉M❡K ❛♠♦♥❣ K❡Q✉❡♥❝❡K✳ ❚❤✐K ✐♠♣❧✐❡K H❤❛H ❛♣♣❧✐❡❞ ❘◆❆ ♠♦❞❡❧K
♠✉KH ❜❡ ❛❜❧❡ H♦ ❝♦♣❡ ✇✐H❤ ♠✐K♠❛H❝❤❡K ✐♥ ❜❛K❡✲♣❛✐M✐♥❣✳ ▲❡KK ❝♦♠♣❧❡① ❘◆❆ ♠♦❞❡❧K ✭✻✕ ❛♥❞ ✼✕KH❛H❡✮
❝♦♠♣❧❡H❡❧② ✐❣♥♦M❡ ♠✐K♠❛H❝❤❡K ♦M ♣♦♦❧ H❤❡K❡ ✐♥H♦ ❛ K✐♥❣❧❡ ❝❤❛M❛❝H❡M KH❛H❡ ✇❤✐❝❤ ♣M♦❞✉❝❡K ❛MH✐✜❝✐❛❧
K②♥❛♣♦♠♦M♣❤✐❡K✳ ❆❝❝♦M❞✐♥❣ H♦ ❙❝❤!♥✐❣❡M ❛♥❞ ✈♦♥ ❍❛❡K❡❧❡M ✭✶✾✾✹✮✱ ✐H ✐K ♠♦M❡ ❧✐❦❡❧② H❤❛H ❝♦✈❛M✐❛H✐♦♥
✐K ❛ ♠✉❧H✐♣❧❡✲KH❡♣ ♣M♦❝❡KK✳ ■H ❛❧❧♦✇K ❛♥ ✐♥H❡M♠❡❞✐❛H❡ ❡①✐KH❡♥❝❡ ♦❢ ✐♥KH❛❜❧❡ ✭♥♦♥ ❛HK♦♥✲❈M✐❝❦✮ ♣❛✐MK✳
■♥H❡M♠❡❞✐❛H❡ KH❛H❡K ❛M❡ ♦♥❧② ❞❡K❝M✐❜❡❞ ✐♥ ✶✻✕KH❛H❡ ❘◆❆ ♠♦❞❡❧K✳ ■♥ H❤❡ ♣M❡K❡♥H KH✉❞②✱ ❤♦✇❡✈❡M✱ H❤❡
❉◆❆ ♠♦❞❡❧ ♦✉H♣❡M❢♦M♠K H❤❡ ♠✐①❡❞ ♠♦❞❡❧ ✇❤✐❧❡ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✐K ❝♦♥K✐❞❡M❡❞ ✭K❡❡ K❡❝H✐♦♥ ✸✳✸✳✹✮✳
❚❤✐K ✐K ♥♦H ✐♥ ❧✐♥❡ ✇✐H❤ ❉♦❤M♠❛♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ▲❡HK❝❤ ❡H ❛❧✳ ✭✷✵✶✵✮✳ M❡K❡♥H M❡K✉❧HK ♠✐❣❤H ❜❡ ♥♦H
✶✵✹ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❞✐M❡❝H❧② ❝♦♠♣❛M❛❜❧❡ ✇✐H❤ H❤❡K❡ KH✉❞✐❡K✱ K✐♥❝❡ ❉♦❤M♠❛♥♥ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ▲❡HK❝❤ ❡H ❛❧✳ ✭✷✵✶✵✮ ✐❣♥♦M❡
♥♦♥✲KH❛H✐♦♥❛M✐H②✳ ◆❡✈❡MH❤❡❧❡KK✱ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ H♦♣♦❧♦❣② K✉❣❣❡KHK K♦♠❡ K✉K♣✐❝✐♦✉K ❝❧❛❞❡K ✇✐H❤
♥❡❣❧✐❣✐❜❧❡ K✉♣♣♦MH✱ ❢♦M ❡①❛♠♣❧❡ ♣♦❧②♣❤②❧❡H✐❝ ❤②♠❡♥♦♣H❡M❛♥K ✭K❡❝H✐♦♥ ✸✳✸✳✹✮✳ ■❢ ✶✻✕KH❛H❡ ♠✐①❡❞ ♠♦❞❡❧K
✐♥❞❡❡❞ ❧❡❛❞ H♦ ❜✐❛K❡❞ ❧✐❦❡❧✐❤♦♦❞ K❝♦M❡K ❞✉❡ H♦ ♣❛M❛♠❡H❡M✲M✐❝❤♥❡KK ♦M ♦✈❡M✲♣❛M❛♠❡HM✐③❛H✐♦♥✱ ❛ ♣♦♦M❡M
♣❡M❢♦M♠❛♥❝❡ ♠✐❣❤H ❜❡ ❛ ❝♦♥K❡Q✉❡♥H M❡K✉❧H ✐♥ H❤❡ ♣M❡K❡♥H KH✉❞②✳ ▲❡HK❝❤ ✭♣❡MK✳ ❝♦♠♠✳✮ KH❛H❡❞ ❢✉MH❤❡M✱
H❤❛H ♠✐①❡❞ ♠♦❞❡❧K ♦✉H♣❡M❢♦M♠ ❉◆❆ ♠♦❞❡❧K ✐❢ ❧♦♦♣K ❛M❡ ♥♦H K❛H✉M❛H❡❞ ❛♥❞ ♣❡M❢♦M♠ ❧❡KK ✇❡❧❧ H❤❛♥ ❉◆❆
♠♦❞❡❧K ✐❢ ❧♦♦♣ M❡❣✐♦♥K ❛M❡ K❛H✉M❛H❡❞✳ ❚❤❡M❡❢♦M❡✱ ✐H ✇♦✉❧❞ ❜❡ ✇♦MH❤✇❤✐❧❡ H♦ H❡KH ❧♦♦♣ M❡❣✐♦♥K ♦❢ H❤❡
♣M❡K❡♥H ❞❛H❛ ❢♦M K❛H✉M❛H✐♦♥✳
❙❤✐❢HK ✐♥ ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥ ♦❢ M❘◆❆ ❣❡♥❡K ❤❛✈❡ ❜❡❡♥ ♦❜K❡M✈❡❞ ✐♥ ❉✐♣H❡M❛✱ ❉✐♣❧✉M❛✱ M♦H✉M❛ ❛♥❞
❙②♠♣❤②❧❛ ✭❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✶✾✾✼❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ●❛✐ ❡H ❛❧✳✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀
▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❚❤✐K ✐K ❛❧K♦ HM✉❡ ❢♦M H❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H ✭K❡❝H✐♦♥ ✸✳✸✳✸✮
❛♥❞ ❤❛K ❜❡❡♥ ❝♦♥K✐❞❡M❡❞ ❜② ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H②✳ ■❣♥♦M✐♥❣ ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥❛❧ ❤❡H❡M♦❣❡♥❡✐H②
✇✐H❤✐♥ H❤❡ ❞❛H❛ ❝❛♥ ♠✐K❧❡❛❞ ♣❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥K ✭❋♦KH❡M✱ ✷✵✵✹❀ ❏❡M♠✐✐♥ ❡H ❛❧✳✱ ✷✵✵✹❀ ❇❧❛♥Q✉❛MH
❛♥❞ ▲❛MH✐❧❧♦H✱ ✷✵✵✻❀ ●♦✇M✐✲❙❤❛♥❦❛M ❛♥❞ ❘❛HHM❛②✱ ✷✵✵✼✮✳ ❙H✐❧❧✱ H❤❡ ❡✛❡❝H ♦❢ ♠♦❞❡❧✐♥❣ ♦❢ ♥♦♥✲KH❛H✐♦♥❛M✐H②
♦♥ M❡❛❧ ❞❛H❛ ✐K M❡❧❛H✐✈❡❧② ✉♥❡①♣❧♦M❡❞ ✭❇❧❛♥Q✉❛MH ❛♥❞ ▲❛MH✐❧❧♦H✱ ✷✵✵✻❀ ●♦✇M✐✲❙❤❛♥❦❛M ❛♥❞ ❘❛HHM❛②✱ ✷✵✵✼✮✳
❙❡✈❡M❛❧ KH✉❞✐❡K ❞✐K❝✉KK ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ❛K ♣♦KK✐❜❧❡ ❡①♣❧❛♥❛H✐♦♥K ❢♦M ♠✐K♣❧❛❝❡♠❡♥HK ♦❢ ♣❛MH✐✲
❝✉❧❛M H❛①❛ ✭▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ●❛✐ ❡H ❛❧✳✱ ✷✵✵✻❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ❍❛KK❛♥✐♥
❡H ❛❧✳✱ ✷✵✵✺✮✳ ◆❡✈❡MH❤❡❧❡KK✱ H❤❡K❡ KH✉❞✐❡K ❧❛❝❦ ♠♦❞❡❧✐♥❣ ♦❢ ♥♦♥✲KH❛H✐♦♥❛M✐H②✳ ■♥KH❡❛❞✱ ▲♦❣❉❡H ♠❡H❤♦❞K
❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ H♦ ❝♦♠♣❡♥K❛H❡ ❢♦M ✈❛M✐❛H✐♦♥K ♦❢ ❜❛K❡ ❢M❡Q✉❡♥❝✐❡K ✭▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱
✷✵✵✺❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻✮✱ ✇❤✐❝❤ ❧❡❛❞K H♦ K♦♠❡ ✐♥❞❡♣❡♥❞❡♥❝❡ ♦❢ ♥♦♥✲KH❛H✐♦♥❛M✐H② ❜✉H✱ ❛♠♦♥❣
K✐H❡ M❛H❡ ✈❛M✐❛H✐♦♥ ✭❆❙❘✮ ❝❛♥♥♦H ❜❡ ❤❛♥❞❧❡❞ ✇✐H❤ ▲♦❣❉❡H ♠❡H❤♦❞K✳
■♥ ♣M❡K❡♥H M❘◆❆ ❛♥❛❧②K❡K✱ ✉K✐♥❣ HM❛❞✐H✐♦♥❛❧ ♠❡❛K✉M❡K ♦❢ ❣♦♦❞♥❡KK✲♦❢✲✜H H❡KHK✱ ♥♦♥✲KH❛H✐♦♥❛M② ❛♣✲
♣M♦❛❝❤❡K ❝❧❡❛M❧② ♦✉H♣❡M❢♦M♠ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤❡K✳ ❚❤❡M❡❢♦M❡✱ H❤❡② K❤♦✉❧❞ ❜❡ ♣M❡❢❡MM❡❞ ✐♥ HM❡❡ M❡✲
❝♦♥KHM✉❝H✐♦♥K ✭K❡❡ K❡❝H✐♦♥ ✸✳✸✳✹✮✳ ❋✉MH❤❡M♠♦M❡✱ ♦♥❧② ♦♥❡ ❝❤❛✐♥ ♣❛KK❡❞ ❞❡✜♥❡❞ ❝M✐H❡M✐❛ ❛♥❞ ✇❛K ✜♥❛❧❧②
✐♥❝❧✉❞❡❞ ❢♦M H❤❡ KH❛H✐♦♥❛M② ❉◆❆ ♠♦❞❡❧ HM❡❡✳ ■H K❡❡♠K ❧✐❦❡❧② H❤❛H H❤✐K ❝❤❛✐♥ ❤❛K ❜❡❡♥ HM❛♣♣❡❞ ✐♥H♦ ❛ ❧♦❝❛❧
♦♣H✐♠✉♠ ❞✉M✐♥❣ HM❡❡ K❡❛M❝❤ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ H♦ ❜✐❛K❡❞ HM❡❡ ✐♥❢❡M❡♥❝❡✳ ❆❞❞✐H✐♦♥❛❧❧②✱ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M②
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✐♥❣ ❡✛❡❝HK✳ ❙✉K♣✐❝✐♦✉K ❝❧❛❞❡K ❛M❡ ♣M❡K❡♥H ✐♥ H❤❡ KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✱ ❡✳❣✳ ✭▲❡♣✐N♠❛✱❍✉M❝❤✐♥✲
N♦♥✐❡❧❧❛✮✳ ❚❤✐K ❝❧❛❞❡ ✐K ♥♦H ♣M❡K❡♥H ❛♥②♠♦M❡ ❜② ♠♦❞❡❧✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✭❋✐❣✳ ✸✳✺ ❛♥❞ K❡❝H✐♦♥ ✸✳✹✳✷✮✳
❙♣❡❧❡♦♥❡❝M❡N ✭❘❡♠✐♣❡❞✐❛✱ ❈M✉KH❛❝❡❛✮✱ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ✭❈❡♣❤❛❧♦❝❛M✐❞❛✱ ❈M✉KH❛❝❡❛✮ ❛♥❞ ▲❡♣✐N♠❛ ✭②✲
❣❡♥H♦♠❛✱ ❍❡①❛♣♦❞❛✮ K❤♦✇ ✈❡M② ❧♦♥❣ ❜M❛♥❝❤❡K✳ ❆ ❝❧❛❞❡ ✭❙♣❡❧❡♦♥❡❝M❡N✱❍✉M❝❤✐♥N♦♥✐❡❧❧❛✮ ✐K ♣M❡K❡♥H ✐♥
❜♦H❤ ❉◆❆ HM❡❡K ✭❚❛❜✳ ✸✳✹✮✳ ❙H✐❧❧✱ ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K ♦❢ M❡♠✐♣❡❞❡K ❛♥❞ ❝❡♣❤❛❧♦❝❛M✐❞K ❛M❡ ❤❛M❞
H♦ ❛❞❞M❡KK✳ ❈✉MM❡♥H❧②✱ H❤❡M❡ ✐K ♥♦H ❡♥♦✉❣❤ ❦♥♦✇♥ ❢M♦♠ ❜♦H❤ ❣M♦✉♣K ❛♥❞ ❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ✐K K♣❛MK❡✳ ❆
❝❧❛❞❡ ✭❙♣❡❧❡♦♥❡❝M❡N✱❍✉M❝❤✐♥N♦♥✐❡❧❧❛✮ ❤❛K ❜❡❡♥ ♣M♦♣♦K❡❞ ✐♥ ♣M❡✈✐♦✉K KH✉❞✐❡K ✭❙❤✉❧H③ ❛♥❞ ❘❡❣✐❡M✱ ✷✵✵✵❀
❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✽❀ ❑♦❡♥❡♠❛♥♥ ❡H ❛❧✳✱ ✷✵✶✵❀ ❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❑♦❡♥❡♠❛♥♥ ❡H ❛❧✳ ✭✷✵✶✵✮
❛M❣✉❡ H❤❛H ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❛❤❧♦❝❛M✐❞❛ ✐K ❜❛K❡❞ ♦♥ ❛MH✐❢❛❝HK✳ ❘❡❣✐❡M
❡H ❛❧✳ ✭✷✵✶✵✮ K✉❣❣❡KH ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❤❛❧♦❝❛M✐❞❛ ✭✏▼✐M❛❝M✉KH❛❝❡❛ ❂
K✉M♣M✐K✐♥❣ ❝M✉KH❛❝❡❛♥K✑✮✳ ❚❤❡② ♣M♦♣♦K❡ H❤❛H ▼✐M❛❝M✉KH❛❝❡❛ ❛M❡ K✐KH❡M ❣M♦✉♣ ♦❢ ❍❡①❛♣♦❞❛✳ ❉❛H❛ ♦♥
M❡♠✐♣❡❞✐❛♥ ❧❛M✈❛❡ ❝♦♥HM❛❞✐❝H H❤✐K K❝❡♥❛M✐♦ ✭❑♦❡♥❡♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✼✱ ✷✵✵✾✮✳ ■❢ H❤✐K ❝❧❛❞❡ ✐K ❛ M❡K✉❧H ♦❢ ❛
❜✐❛K✐♥❣ ❡✛❡❝H ✐♥ ♣M❡K❡♥H ❉◆❆ HM❡❡K✱ ♠♦❞❡❧✐♥❣ K✐H❡✲✐♥H❡M❞❡♣❡♥❞❡♥❝❡ ❤❡❧♣K H♦ ✐♠♣❡❞❡ ❜✐❛K ✇✐H❤ M❡K♣❡❝H
H♦ ❜♦H❤ K♣❡❝✐❡K ✭❋✐❣✳ ✸✳✺✮✳ ❚❤❡ ♠♦KH ♣M♦♠✐K✐♥❣ ❛♣♣M♦❛❝❤ ✐♥ H❤❡ ♣M❡K❡♥H KH✉❞② ✐K ♠♦❞❡❧✐♥❣ K✐H❡✲
✐♥H❡M❞❡♣❡♥❞❡♥❝❡ ♣❧✉K ♥♦♥✲KH❛H✐♦♥❛M✐H②✳ ❆♣♣❧②✐♥❣ ♠✐①❡❞ ♠♦❞❡❧K ❛❧♦♥❡ ❞♦❡K ♥♦H ✐♠♣M♦✈❡ ♣❤②❧♦❣❡♥❡H✐❝
M❡❝♦♥KHM✉❝H✐♦♥ ✇✐H❤ M❡K♣❡❝H H♦ H❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ▲❡♣✐N♠❛ ❛♥❞ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛✳ ❚❤❡ ❡✛❡❝H ♦❢ ♠♦❞❡❧✐♥❣
♥♦♥✲KH❛H✐♦♥❛M✐H② ✐K ❛♣♣❛M❡♥H ✐♥ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳ ❉❡❡♣ ❤❡①❛♣♦❞ K♣❧✐HK ❛M❡ ❞✐KM✉♣H❡❞ ✭❤❡①❛♣♦❞K✱
✶✵✻ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
❡❝H♦❣♥❛H❤K✱ ❞✐❝♦♥❞②❧✐❛♥ ✐♥K❡❝HK✮ ❛♥❞ ♠♦KH ❤❡①❛♣♦❞ ❝❧❛❞❡K K❤♦✇ ❧♦✇ K✉♣♣♦MH ✐❢ ♥♦♥✲KH❛H✐♦♥❛M✐H② ✐K ♥♦H
❝♦♥K✐❞❡M❡❞ ✭❋✐❣✳ ✸✳✻✮✳ ■♥ ❝♦♥HM❛KH✱ ❛❝❝❡♣H❡❞ ❤❡①❛♣♦❞ ❝❧❛❞❡K ❛M❡ ✐♥❢❡MM❡❞ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ♠♦❞❡❧✐♥❣
♥♦♥✲KH❛H✐♦♥❛M✐H②✳
■♥ ❢✉H✉M❡ M❘◆❆ ❛♥❛❧②K❡K✱ ♣❛✐M❡❞ ♣♦K✐H✐♦♥K✱ ♣M❡✈✐♦✉K❧② ✐❞❡♥H✐✜❡❞ ❛K M❛♥❞♦♠❧② K✐♠✐❧❛M ❛♥❞ ❡①❝❧✉❞❡❞ ❢M♦♠
H❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H✱ K❤♦✉❧❞ ❜❡ M❡H❛✐♥❡❞✱ ❜❡❝❛✉K❡ ❆❧✐K❝♦M❡ ❝✉MM❡♥H❧② ❞♦❡K ♥♦H ❝♦♥K✐❞❡M ❜❛K❡ ♣❛✐M✐♥❣K✳
❋♦M HM❡❡ ✐♥❢❡M❡♥❝❡✱ H❤❡M❡ ✐K ❛ ❤✐❣❤ ❞❡♠❛♥❞ H♦ ✇♦M❦ ♦♥ ♠❡H❤♦❞K H❤❛H ❛❝❝✉M❛H❡❧② ✐❞❡♥H✐❢② ♠♦❞❡❧ ♠✐KK♣❡❝✲
✐✜❝❛H✐♦♥ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ H♦ ❜✐❛K❡❞ HM❡❡ ✐♥❢❡M❡♥❝❡✱ ❡K♣❡❝✐❛❧❧②✱ ✇❤❡♥ ♣M♦♣♦MH✐♦♥K ♦❢ ✈❛M✐❛❜❧❡ K✐H❡K ❝❤❛♥❣❡
❛❝M♦KK H❤❡ HM❡❡ ✭K❡❡ ●M✐❡✈✐♥❦ ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❈✉MM❡♥H ♠♦❞❡❧ H❡KH✐♥❣ K♦❢H✇❛M❡ ✭❡✳❣✳ ❥▼♦❞❡❧H❡KH ♦K❛❞❛✱
✷✵✵✽✮ ❞♦❡K ♥♦H ❝♦♥K✐❞❡M ♠✐①❡❞ ♠♦❞❡❧K ♦M ♥♦♥✲KH❛H✐♦♥❛M✐H②❀ ❢✉MH❤❡M♠♦M❡✱ H❤❡② ❛M❡ ❛❧K♦ ♥♦H ❛♣♣❧✐❝❛❜❧❡
H♦ ❧❛M❣❡ ❞❛H❛ K❡HK ✭❝✉MM❡♥H K♦❢H✇❛M❡ ❝M❛K❤❡❞ ♦♥ H❤❡ ♣M❡K❡♥H M❘◆❆ ❞❛H❛ K❡H✱ K❡❡ ❝❤❛♣H❡M ✷✱ K❡❝H✐♦♥
✷✳✹✳✶✮✳ ❆♥ ❛❝❝✉M❛H❡ ♠♦❞❡❧ ❡KH✐♠❛H✐♦♥ ❛❧K♦ ♠✐❣❤H ❛✈♦✐❞ ♦✈❡M✲♣❛M❛♠❡HM✐③❛H✐♦♥ ♦❢ H❤❡ ♣❛MH✐❝✉❧❛M ❞❛H❛
K❡H✳ ❇M❛♥❝❤ ❧❡♥❣H❤ ❡KH✐♠❛H✐♦♥K K❤♦✉❧❞ ❜❡ M❡✜♥❡❞ ❜② ♥❡✇ ♦M ✐♠♣M♦✈❡❞ ❛❧❣♦M✐H❤♠K ✇❤✐❝❤ ❡♥❛❜❧❡ ❜M❛♥❝❤
❧❡♥❣H❤ ❡KH✐♠❛H✐♦♥ ❛K ❛❝❝✉M❛H❡ ♣♦KK✐❜❧❡ ❞✉M✐♥❣ HM❡❡ ✐♥❢❡M❡♥❝❡✱ ❛♥❞ ♥♦H K❡♣❛M❛H❡❞ ❢M♦♠ ❛ HM❡❡ K❡❛M❝❤✳
❑♦❧❛❝③❦♦✇K❦✐ ❛♥❞ ❚❤♦M♥H♦♥ ✭✷✵✵✾✮ ❛M❣✉❡ H❤❛H ❇❛②❡K✐❛♥ M❡❝♦♥KHM✉❝H✐♦♥K ♠✐❣❤H ❜❡ ❤❡❛✈✐❧② ❜✐❛K❡❞ ✐♥
❢❛✈♦M ♦❢ H♦♣♦❧♦❣✐❡K H❤❛H ❣M♦✉♣ H❛①❛ K❤♦✇✐♥❣ ❧♦♥❣ ❜M❛♥❝❤❡K H♦❣❡H❤❡M✳ ❚❤❡M❡❢♦M❡✱ ✐H ✐K ✇♦MH❤✇❤✐❧❡ H♦
✐♥❢❡M ♣❤②❧♦❣❡♥❡H✐❝ HM❡❡K ❢M♦♠ H❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H ✐♥ ❛ ▼▲ ❢M❛♠❡✇♦M❦ H❛❦✐♥❣ ♠✐①❡❞ ♠♦❞❡❧K ❛♥❞ ♥♦♥✲
KH❛H✐♦♥❛M✐H② ✐♥H♦ ❛❝❝♦✉♥H✳ ❘❡❝❡♥H❧②✱ ♠✐①❡❞ ♠♦❞❡❧K ❤❛✈❡ ❜❡❡♥ ✐♠♣❧❡♠❡♥H❡❞ ✐♥ ❘❆①▼▲ ✼✳✶✳✵ ✭❊①❡❧✐①✐K
▲❛❜✱ ❆✳ ❙H❛♠❛H❛❦✐K ✷✵✵✾✮ ❜✉H ❝✉MM❡♥H❧②✱ ♦♥❧② KH❡♠K ❝❛♥ ❜❡ ♣❛MH✐H✐♦♥❡❞✳ ❙✐♥❝❡ H❤❡M❡ ❛M❡ ❞✐✛❡M❡♥❝❡K ✐♥
❡✈♦❧✉H✐♦♥❛M② M❛H❡K ❜❡H✇❡❡♥ ✶✽❙ ❛♥❞ ✷✽❙✱ ♣❛MH✐H✐♦♥✐♥❣ ♦❢ ❧♦♦♣K ✐K ♥❡❝❡KK❛M② ❢♦M ❛ ❝♦♠♣❛M❛H✐✈❡ ❛♥❛❧②K✐K
♦❢ H❤❡ ♣M❡K❡♥H ❞❛H❛ K❡H ✇✐H❤✐♥ ❛ ▼▲ ❢M❛♠❡✇♦M❦✳ ■H ♠✐❣❤H ❜❡ ✇♦MH❤✇❤✐❧❡ H♦ H❡KH ❧♦♦♣ M❡❣✐♦♥K ❢♦M K❛H✲
✉M❛H✐♦♥✱ ❜❡❝❛✉K❡ ♠✐①❡❞ ♠♦❞❡❧K ♣❡M❢♦M♠ ❧❡KK ✇❡❧❧ ❝♦♠♣❛M❡❞ H♦ ❉◆❆ ♠♦❞❡❧K ✐❢ ❧♦♦♣K ❛M❡ K❛H✉M❛H❡❞ ✭❍✳
▲❡HK❝❤✱ ✉♥♣✉❜❧✐K❤❡❞ ❞❛H❛✱ ♣❡MK✳ ❝♦♠♠✮✳
✸✳✹✳✷✳ ❈♦♥✢✐❝B✐♥❣ ♣❤②❧♦❣❡♥❡B✐❝ ❤②♣♦B❤❡D❡D✿
▼♦❞❡❧✐♥❣ ♥♦♥✲DB❛B✐♦♥❛F✐B② ✈❡FD✉D DB❛B✐♦♥❛F✐B② ✇✐B❤ ♠✐①❡❞ ♠♦❞❡❧D
❚❤❡ ❝♦♠♣❛M✐K♦♥ ♦❢ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❛♥❞ H❤❡ KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤ ✐♥❞✐❝❛H❡ ✐♥❝♦♥K✐KH❡♥❝✐❡K ❜❡H✇❡❡♥
❛♥❛❧②K❡K H❤❛H ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② H❤❡ ❛❞❞✐♥❣ ♦❢ ♥♦♥✲KH❛H✐♦♥❛M② ♣M♦❝❡KK❡K ❞✉M✐♥❣ ❡✈♦❧✉H✐♦♥ ♦❢ M❘◆❆
❣❡♥❡K✳
❈❡♣❤❛❧♦❝❛P✐❞❛ ❛♥❞ ❘❡♠✐♣❡❞✐❛
❆ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ✭❈❡♣❤❛❧♦❝❛M✐❞❛✮ ❛♥❞ ▲❡♣✐N♠❛ ✭②❣❡♥H♦♠❛✱ ❍❡①❛♣♦❞❛✮
✐K K✉❣❣❡KH❡❞ ❜② H❤❡ KH❛H✐♦♥❛M②✱ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳ ❊①❝❡♣H ❢M♦♠ ❧♦✇ K✉♣♣♦MH✱ H❤✐K ❝❧❛❞❡ ❧❛❝❦K ❛♥②
❡✈✐❞❡♥❝❡ ❢M♦♠ ♠♦M♣❤♦❧♦❣✐❝❛❧✱ ❞❡✈❡❧♦♣♠❡♥H❛❧ ❛♥❞ ♦H❤❡M ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✳ ❚❤✐K ✐K ❛❧K♦ HM✉❡ ❢♦M H❤❡
K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ✭❍✉M❝❤✐♥N♦♥✐❡❧❧❛✱②❣❡♥M♦♠❛✮ ❛♥❞ ◆♦♥♦❝✉❧❛H❛ ✭❋✐❣✳ ✸✳✻ ❛♥❞ K❡❝H✐♦♥ ✸✳✹✳✶✮✳
❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❍✉M❝❤✐♥N♦♥✐❡❧❧❛ ❛♥❞ ▲❡♣✐N♠❛ ❝♦♥K❡Q✉❡♥H❧② ❧❡❛❞K H♦ ♣♦❧②✲ ♦M ♣❛M❛♣❤②❧② ♦❢ K❡✈❡M❛❧
♠❛❥♦M ❣M♦✉♣K ✭❍❡①❛♣♦❞❛✱ ❊♥H♦❣♥❛H❤❛✱ ❊❝H♦❣♥❛H❤❛✱ ❉✐❝♦♥❞②❧✐❛✮✳ ❚❤✐K ❝❧❛❞❡ ♠✐❣❤H ❜❡ ❛♥ ❛MH✐❢❛❝H ❛♥❞
❛ M❡K✉❧H ♦❢ ✐❣♥♦M✐♥❣ ♥♦♥✲KH❛H✐♦♥❛M✐H② H❤❛H ♠✐❣❤H ❤❛✈❡ ❧❡❛❞ H♦ ❛♥ ❛HHM❛❝H✐♦♥ ♦❢ ❜♦H❤ H❛①❛ ❞✉❡ H♦ K✐❣♥❛❧
❡M♦K✐♦♥ ✭u❣❡❧❡ ❛♥❞ ▼❛②❡M✱ ✷✵✵✼✮✳ ■♥ ❝♦♥HM❛KH✱ ❈❡♣❤❛❧♦❝❛M✐❞❛ ❛M❡ K✐KH❡M ❣M♦✉♣ H♦ ❇M❛♥❝❤✐♦♣♦❞❛ ✐♥
H❤❡ ♥♦♥✲KH❛H✐♦♥❛M②✱ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳ ❆❧H❤♦✉❣❤ H❤✐K ❝❧❛❞❡ M❡❝❡✐✈❡K ❧♦✇ K✉♣♣♦MH✱ ✐H ✐K ❝♦♥❣M✉❡♥H ✇✐H❤
♠♦M♣❤♦❧♦❣✐❝❛❧ ❞❛H❛✱ ❢♦KK✐❧ ❞❛H❛✱ ♥❡✉M♦❛♥❛H♦♠✐❝❛❧ KH✉❞✐❡K✱ ♠♦❧❡❝✉❧❛M ❛♥❞ ❝♦♠❜✐♥❡❞ ❛♥❛❧②K❡K ✭❛❧♦KK❡❦✱
✶✾✾✸✱ ✶✾✾✾❀ ●✐M✐❜❡H ❡H ❛❧✳✱ ✷✵✵✶❀ ❋❛♥❡♥❜M✉❝❦✱ ✷✵✵✸❀ ❤❡❡❧❡M ❡H ❛❧✳✱ ✷✵✵✹✮✳ ▼♦KH M❡❝❡♥H ♠♦❧❡❝✉❧❛M
KH✉❞✐❡K ♦♥ M❘◆❆ ❞❛H❛ ❧❛❝❦ ❈❡♣❤❛❧♦❝❛M✐❞❛ ✭❡✳❣✳ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ▼❛❧❧❛HH
✸✳✹✳ ❉✐K❝✉KK✐♦♥ ✶✵✼
❡H ❛❧✳✱ ✷✵✶✵✮✳ ❙❡✈❡M❛❧ KH✉❞✐❡K ♣M♦♣♦K❡ ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❤❛❧♦❝❛M✐❞❛
✭❧✐❦❡✇✐K❡ M❡♣M❡K❡♥H❡❞ ❜② ❍✉M❝❤✐♥N♦♥✐❡❧❧❛✮ ✇✐H❤ ♠♦❞❡M❛H❡ ♦M ❤✐❣❤ K✉♣♣♦MH ✭❘❡❣✐❡M ❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✽✱
✷✵✶✵❀ ❑♦❡♥❡♠❛♥♥ ❡H ❛❧✳✱ ✷✵✶✵✮✳ ❚❤✐K ❝❧❛❞❡ ❤❛K ❛❧K♦ ❜❡❡♥ ♣M♦♣♦K❡❞ ❛K ❛♥ ❛MH✐❢❛❝H ✐♥ M❡❝❡♥H KH✉❞✐❡K ♦❢
❑♦❡♥❡♠❛♥♥ ❡H ❛❧✳ ✭✷✵✶✵✮ ❛♥❞ ❏❡♥♥❡M ✭✷✵✶✵✮✳ ❍♦✇❡✈❡M✱ ✐H ✐K ❛❧K♦ K✉❣❣❡KH❡❞ ✐♥ ♣M❡K❡♥H ♥♦♥✲KH❛H✐♦♥❛M②
❛♥❞ KH❛H✐♦♥❛M② ❉◆❆ HM❡❡K ✭❚❛❜✳ ✸✳✹✮ ❜✉H✱ H❤❡ K✉♣♣♦MH ✐♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ H♦♣♦❧♦❣② ✐K ❧♦✇✳
❙✐♥❝❡ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ HM❡❡ ✐K ❛KK✉♠❡❞ H♦ M❡✢❡❝H ❛ ♠♦M❡ M❡❛❧✐KH✐❝ ♣✐❝H✉M❡ ❛♥❞ ❛ K✐KH❡M ❣M♦✉♣
M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❘❡♠✐♣❡❞✐❛ ❛♥❞ ❈❡♣❤❛❧♦❝❛M✐❞❛ ✐K ♥♦H K✉♣♣♦MH❡❞ ❜② ❜♦H❤ ❘◆❆ HM❡❡K✱ H❤❡M❡ ✐K K♦♠❡ ❞♦✉❜H
♦♥ H❤❡ M❡❧✐❛❜✐❧✐H② ♦❢ M❡K♦❧✉H✐♦♥ ♦❢ H❤✐K ❝❧❛❞❡ ✐♥ H❤❡ KH❛H✐♦♥❛M② ❉◆❆ HM❡❡✳ ❋M♦♠ H❤❡ ♣M❡K❡♥H HM❡❡K✱ ❛
♣❧❛✉K✐❜❧❡ ❝♦♥❝❧✉K✐♦♥ ❝❛♥♥♦H ❜❡ ❞M❛✇♥ ❛❞❞M❡KK✐♥❣ ♣❤②❧♦❣❡♥❡H✐❝ ♣♦K✐H✐♦♥K ♦❢ M❡♠✐♣❡❞❡K ❛♥❞ ❝❡♣❤❛❧♦❝❛M✐❞K✳
❍❡①❛♣♦❞❛✱ ❊❝L♦❣♥❛L❤❛ ❛♥❞ ❊♥L♦❣♥❛L❤❛
▼♦♥♦♣❤②❧② ♦❢ ❍❡①❛♣♦❞❛✱ ❊♥H♦❣♥❛H❤❛✱ ❊❝H♦❣♥❛H❤❛✱ ❉✐❝♦♥❞②❧✐❛ ✐♥❝❧✉❞✐♥❣ ▲❡♣✐N♠❛ ✇❛K K✉♣♣♦MH❡❞ ❜②
❛❧❧ ♥♦♥✲KH❛H✐♦♥❛M② HM❡❡K✳ ▲✐❦❡✇✐K❡✱ ❛♥ ❡①♣❧❛♥❛H✐♦♥ ✐K ❣✐✈❡♥ ❢♦M H❤❡ ♠✐K♣❧❛❝❡♠❡♥H ♦❢ ▲❡♣✐N♠❛ ✐♥ H❤❡
KH❛H✐♦♥❛M② ❛♣♣M♦❛❝❤✱ ✇❤✐❝❤ ❝❛♥♥♦H ❜❡ ❛❝❝♦♠♣❧✐K❤❡❞ ❜② ❛❧H❡M♥❛H✐✈❡❧② ❡①❝❧✉❞✐♥❣ H❤❡ H❛①♦♥✳ ❊♥H♦❣♥❛H❤❛
✇✐H❤ ◆♦♥♦❝✉❧❛H❛ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❈♦❧❧❡♠❜♦❧❛ ❛♥❞ ❊♥H♦❣♥❛H❤❛ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❊❝H♦❣♥❛H❤❛ ✐K
K✉♣♣♦MH❡❞ ✭❋✐❣✳ ✸✳✺✮✳ ❚❤✐K M❡K✉❧H ✐K ✐♥ ❧✐♥❡ ✇✐H❤ ♠✉❧H✐♣❧❡ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K ✭❑❥❡M✱ ✷✵✵✹❀ ▲✉❛♥ ❡H ❛❧✳✱
✷✵✵✺❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✮✳
❚❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❤❡①❛♣♦❞K ✭❉♦❤❧❡✱ ✷✵✵✶❀ ❇✐HK❝❤ ❛♥❞ ❇✐HK❝❤✱ ✷✵✵✹❀ ❍❛M③K❝❤ ❡H ❛❧✳✱ ✷✵✵✺❀ ❍❛M③K❝❤✱
✷✵✵✻❀ ♥❣❡M❡M ❛♥❞ ❙❝❤♦❧H③✱ ✷✵✵✽✮ ❤❛K ❜❡❡♥ ❝❤❛❧❧❡♥❣❡❞ K❡M✐♦✉K❧② ❜② ♠✐H♦❝❤♦♥❞M✐❛❧ ❞❛H❛✿ M❡❝✐♣M♦❝❛❧
♣❛M❛♣❤②❧② ♦❢ ❤❡①❛♣♦❞K ❤❛K ❜❡❡♥ ❛✣M♠❡❞✱ ❈♦❧❧❡♠❜♦❧❛ ♦❝❝✉MM❡❞ ♦✉HK✐❞❡ ❢M♦♠ ❤❡①❛♣♦❞K ❛K K✐KH❡M ❣M♦✉♣
H♦ ♦H❤❡M ♣❛♥❝M✉KH❛❝❡❛♥ H❛①❛ ✭◆❛M❞✐ ❡H ❛❧✳✱ ✷✵✵✸❛❀ ❈❛M❛♣❡❧❧✐ ❡H ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✼✮✳ ❚❤✐K ✇♦✉❧❞ ✐♠♣❧②
H❤❛H ❢❡❛H✉M❡K ♦❢ H❤❡ ❤❡①❛♣♦❞ ❜❛✉♣❧❛♥ ❤❛✈❡ ❡✈♦❧✈❡❞ ❛H ❧❡❛KH H✇✐❝❡✳ ❘❡❛♥❛❧②K❡K ♦❢ H❤❡ K❛♠❡ ❞❛H❛ K❡H✱
❤♦✇❡✈❡M✱ ❝♦♥HM❛❞✐❝H H❤✐K K❝❡♥❛M✐♦ ✭❉❡❧K✉❝ ❡H ❛❧✳✱ ✷✵✵✸✮✳ ■♥ H❤❡ ♣M❡K❡♥H ❛♥❛❧②K❡K✱ ❜♦H❤ ♥♦♥✲KH❛H✐♦♥❛M②
HM❡❡K KHM♦♥❣❧② ❝♦MM♦❜♦M❛H❡ ❊❝H♦❣♥❛H❤❛ ✭❚❛❜✳ ✸✳✹✮✱ ✇❤✐❝❤ ✐K ✉♥❛♠❜✐❣✉♦✉K❧② K✉❣❣❡KH❡❞ ❜② ♠♦❧❡❝✉❧❛M
❛♥❞ ♥♦♥✲♠♦❧❡❝✉❧❛M ❞❛H❛ ❛♥❞ ❤❛K ❜❡❡♥ ✇✐❞❡❧② ❛❝❝❡♣H❡❞ ✭●M✐♠❛❧❞✐✱ ✷✵✶✵✮✳
❙✉♣♣♦MH ❢♦M H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❊♥H♦❣♥❛H❤❛ ✭❍❡♥♥✐❣✱ ✶✾✺✸❀ ❚✉①❡♥✱ ✶✾✺✾✮ ❤❛K ❜❡❡♥ ❣❡♥❡M❛❧❧② ❝♦♥K✐❞✲
❡M❡❞ ❛K ❛♠❜✐❣✉♦✉K✳ ❚❤❡ ♣♦❧❛M✐③❛H✐♦♥ ♦❢ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❝❤❛M❛❝H❡MK ✐K ❞✐✣❝✉❧H ❞✉❡ H♦ ❡①HM❡♠❡ ❛❞❛♣H❛H✐♦♥K
H♦ K✉❜H❡MM❛♥❡❛♥ ♦M ❝M②♣H✐❝ ❧✐❢❡ KH②❧❡K✳ ❚❤❡ ♣M❡K❡♥❝❡ ♦❢ ♠❛♥② ♣♦KK✐❜❧❡ ♣❧❡K✐♦♠♦M♣❤✐❝ ❝❤❛M❛❝H❡MK✱ ❢♦M ❡①✲
❛♠♣❧❡ H❤❡ ♣M❡K❡♥❝❡ ♦❢ ❢✉❧❧② ♠✉K❝✉❧❛M ❛♥H❡♥♥❛❡✱ ❛❜❞♦♠✐♥❛❧ ❛♣♣❡♥❞❛❣❡K ❛♥❞ ❛♥❛♠❡M✐❝ ❞❡✈❡❧♦♣♠❡♥H ✐♥
M♦H✉M❛✱ ❣✐✈❡K ❡♥H♦❣♥❛H❤♦✉K ❤❡①❛♣♦❞K ❛♥ ✐♠♣♦MH❛♥H M♦❧❡ ✐♥ ✉♥❞❡MKH❛♥❞✐♥❣ ❡✈♦❧✉H✐♦♥ ♦❢ ❤❡①❛♣♦❞K ✭K❡❡
❝❤❛♣H❡M ✶✮✳ ❚❤❡ ❝❧❛❞❡ ❤❛K ❜❡❡♥ ✉♥❛♠❜✐❣✉♦✉K❧② K✉♣♣♦MH❡❞ ❜② ❛♥❛❧②K❡K ♦❢ ❡✳❣✳ ❑❥❡M ✭✷✵✵✹✮ ♦M ●❛♦
❡H ❛❧✳ ✭✷✵✵✽✮✳ ❆❣❛✐♥✱ ❊♥H♦❣♥❛H❤❛ ✐K ❝♦MM♦❜♦M❛H❡❞ ❜② H❤❡ ♣M❡K❡♥H ♥♦♥✲KH❛H✐♦♥❛M② HM❡❡K✳ ■♥ ❝♦♥HM❛KH✱
❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳ ✭✷✵✵✾✮ K❤♦✇❡❞ ❧♦✇ K✉♣♣♦MH ❢♦M ❊♥H♦❣♥❛H❤❛✳ ■♥❝♦♥K✐KH❡♥❝✐❡K ❛M❡ M❡♣♦MH❡❞ ✇✐H❤ M❡✲
K♣❡❝H H♦ ❞✐✛❡M❡♥H ♠❡H❤♦❞K ♦❢ M❡❝♦♥KHM✉❝H✐♦♥ ✭❡✳❣✳ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻❀ ▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✶✵✱ ▼▲
❛♥❛❧②K❡K K❤♦✇ ✇❡❛❦ K✉♣♣♦MH✱ ❇❛②❡K✐❛♥ M❡❝♦♥KHM✉❝H✐♦♥K K❤♦✇ ❤✐❣❤ K✉♣♣♦MH✮✳ ❊①❝❡♣H ❢M♦♠ K♣M✐♥❣H❛✐❧K✱
♥♦♥✲M❘◆❆ ❞❛H❛ ❛M❡ KH✐❧❧ K♣❛MK❡✳ ❆ ♠♦M❡ H❤♦M♦✉❣❤ H❛①♦♥ K❛♠♣❧✐♥❣ ✐K ❞❡K✐M❛❜❧❡✱ ❡K♣❡❝✐❛❧❧② ❢♦M ♣❤②❧♦❣❡✲
♥♦♠✐❝ ❞❛H❛✳ ❋✐MKH ♣❤②❧♦❣❡♥♦♠✐❝ ❛♥❛❧②K❡K ♣M❡K❡♥H❡❞ ✐♥ H❤✐K H❤❡K✐K ✭❝❤❛♣H❡M ✷✮ ❞♦ ♥♦H ♣M♦✈✐❞❡ ❝♦♥K✐KH❡♥H
K✉♣♣♦MH ❢♦M ❊♥H♦❣♥❛H❤❛✳
■♥L❡P♥❛❧ P❡❧❛L✐♦♥N❤✐♣N ♦❢ ^P♦L✉P❛
M♦H✉M❛ ❛M❡ ❝❧❛KK✐❝❛❧❧② ❞✐✈✐❞❡❞ ✐♥H♦ ❆❝❡M❡♥H♦♠❛H❛✱ ❊♦K❡♥H♦♠❛H❛ ❛♥❞ ❙✐♥❡♥H♦♠❛H❛ ✭✐♥✱ ✶✾✾✻✮ ❞✉❡ H♦
H❤M❡❡ ❞✐✛❡M❡♥H H②♣❡K ♦❢ ♣N❡✉❞♦❝✉❧✐ ✭✐♥ ❡H ❛❧✳✱ ✷✵✵✷✮✳ ❊♦K❡♥H♦♠❛H❛ ♣♦KK❡KK K♣✐M❛❝❧❡K ✇✐H❤ ❛ ♣M✐♠✐H✐✈❡
✶✵✽ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
HM❛❝❤❡❛❧ K②KH❡♠✱ ✇❤✐❧❡ ♠❡♠❜❡MK ♦❢ ❆❝❡M❡♥H♦♠❛H❛ ❧❛❝❦ H❤❡K❡ KHM✉❝H✉M❡K ✭K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ▲✉❛♥ ❡H ❛❧✳✱
✷✵✵✺❀ ●❛♦ ❡H ❛❧✳✱ ✷✵✵✽✮✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ ❙✐♥❡♥H♦♠❛H❛ ✭✇✐H❤ ❋✉❥✐❡♥H♦♠✐❞❛❡ ❛♥❞ ❙✐♥❡♥H♦♠✐❞❛❡✮ ✐K ✉♥✲
❝❧❡❛M✳ ❙✐♥❡♥H♦♠❛H❛ ❤❛✈❡ ❜❡❡♥ ❞✐K❝✉KK❡❞ ❛K ♣❛M❛♣❤②❧❡H✐❝✿ ❙✐♥❡♥H♦♠✐❞❛❡ ❤❛✈❡ ❛ HM❛❝❤❡❛❧ K②KH❡♠ ✇❤✐❝❤
KHM♦♥❣❧② ❞✐✛❡MK ❢M♦♠ ❊♦K❡♥H♦♠❛H❛✳ ❋✉❥✐❡♥H♦♠✐❞❛❡ ❤❛✈❡ ♥♦ HM❛❝❤❡❛❧ K②KH❡♠ ❛H ❛❧❧✳ ❙♣❡M♠❛H♦❧♦❣✐❝❛❧
KH✉❞✐❡K K❤♦✇ ♠❛M❦❡❞❧② ❞✐✛❡M❡♥H K♣❡M♠❛H♦③♦❛♥K ❜❡H✇❡❡♥ ♣M♦H✉M❛♥ K♣❡❝✐❡K ✇❤✐❝❤ ♠✐❣❤H M❡✢❡❝H H❤❡✐M
❧♦♥❣ ❡✈♦❧✉H✐♦♥❛M② ❝♦✉MK❡ ✭✐♥ ❛♥❞ ✉❡✱ ✶✾✾✸✮✳ ❙✐♥❡♥H♦♠❛H❛ ❤❛✈❡ ❜❡❡♥ ❞✐K❝✉KK❡❞ ❛K ✬✐♥H❡M♠❡❞✐❛H❡✬
✭■♠❛❞❛HU✱ ✶✾✻✻❀ ✐♥✱ ✶✾✾✻✮✳ ❆❧H❡M♥❛H✐✈❡❧②✱ H❤❡② ❤❛✈❡ ❜❡❡♥ ♣❧❛❝❡❞ ✇✐H❤✐♥ ❆❝❡M❡♥H♦♠❛H❛ ✭❚✉①❡♥✱ ✶✾✼✼✮✳
❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❙✐♥❡♥H♦♠❛H❛ ✐K ❛❧K♦ ✐♥❝♦♥K✐KH❡♥H ❜❡H✇❡❡♥ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✳ ❚❤❡ ♦♥❧② KH✉❞② H♦ ❞❛H❡
H❤❛H ✐♥❝❧✉❞❡❞ K♣❡❝✐❡K ♦❢ ❆❝❡M❡♥H♦♠❛H❛✱ ❊♦K❡♥H♦♠❛H❛ ❛♥❞ ❙✐♥❡♥H♦♠❛H❛ ❝♦✈❡M✐♥❣ ❜♦H❤ ❢❛♠✐❧✐❡K ❤❛K ❜❡❡♥
♣✉❜❧✐K❤❡❞ ❜② ▲✉❛♥ ❡H ❛❧✳ ✭✷✵✵✺✮✳ ❚❤❡ ❛✉H❤♦MK ♣M♦♣♦K❡ ❛ ♣❛M❛♣❤②❧② ♦❢ ❙✐♥❡♥H♦♠❛H❛✿ ❋✉❥✐❡♥H♦♠✐❞❛❡
❜M❛♥❝❤ ♦✛ ✜MKH ❛♥❞ ❙✐♥❡♥H♦♠✐❞❛❡ ❛M❡ ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ✭❆❝❡M❡♥H♦♠❛H❛✱❊♦K❡♥H♦♠❛H❛✮ ✇✐H❤ ✇❡❛❦ K✉♣✲
♣♦MH✳ ■♥ H❤❡ ❞❛H❛ K❡H ♦❢ ●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ✐♥ H❤❡ ♣M❡K❡♥H KH✉❞②✱ ♦♥❧② ❙✐♥❡♥H♦♠✐❞❛❡ ❛M❡ ✐♥❝❧✉❞❡❞✳
●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮ K✉❣❣❡KH ❙✐♥❡♥H♦♠✐❞❛❡ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❆❝❡M❡♥H♦♠❛H❛ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✳ ❆❧❧ KH✉❞✲
✐❡K✱ ❡①❝❡♣H ❢M♦♠ H❤❡ ♣M❡K❡♥H H❤❡K✐K✱ ❛❞❞M❡KK ❝♦♠♣♦K✐H✐♦♥❛❧ ❤❡H❡M♦❣❡♥❡✐H②✱ ❜✉H ❞♦ ♥♦H ✐♠♣❧❡♠❡♥H ❡✐H❤❡M
♠✐①❡❞ ♠♦❞❡❧K ♦M ♥♦♥✲KH❛H✐♦♥❛M✐H②✳ ■♥ ♣M❡K❡♥H ❛♥❛❧②K❡K✱ ❜♦H❤ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡K ❛M❡ ✐♥ ❧✐♥❡ ✇✐H❤ ✜♥❞✐♥❣K
♦❢ ●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮✱ ❜✉H H❤❡ K✉♣♣♦MH ♦❢ ❙✐♥❡♥H♦♠✐❞❛❡ ✭❖❝M♦NM✐❣♠❛✮ ❛K K✐KH❡M ❣M♦✉♣ ♦❢ ❆❝❡M❡♥H♦♠❛H❛
✐K ❧♦✇ ✭♣ ✵✳✻✮✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ ❙✐♥❡♥H♦♠✐❞❛❡ M❡♠❛✐♥K ✉♥❝❧❡❛M✳ ❆❧H❤♦✉❣❤ ❉◆❆ HM❡❡K ❛M❡ KH❛H✐KH✐❝❛❧❧②
♣M❡❢❡MM❡❞✱ H❤❡ ♠✐①❡❞ ♠♦❞❡❧ H♦♣♦❧♦❣✐❡K K❡❡♠ ❢M♦♠ ❛ H❛①♦♥♦♠✐❝ ♣♦✐♥H ♦❢ ✈✐❡✇ ♠♦M❡ ♣❧❛✉K✐❜❧❡✿ ✐♥ ❉◆❆
HM❡❡K✱ ❖❝M♦NM✐❣♠❛ ✐K ♥❡KH❡❞ ✇✐H❤✐♥ ❊♦K❡♥H♦♠✐❞❛❡ ❛K K✐KH❡M ❣M♦✉♣ H♦ ❊♦N❡♥M♦♠♦♥ N❛❦✉O❛✱ ❛❧❜❡✐H ✇❡❛❦❧②
K✉♣♣♦MH❡❞✳ ❚❤✐K ✐K ❝♦♥K✐❞❡M❡❞ ❛K ❛ K✉K♣✐❝✐♦✉K ❝❧❛❞❡ ❜❡❝❛✉K❡ ❛ ♣❛M❛♣❤②❧② ♦❢ ❊♦K❡♥H♦♠❛H❛ K❡❡♠K ✉♥❧✐❦❡❧②
❛♥❞ ❤❛K ♥❡✈❡M ❜❡❡♥ K✉♣♣♦MH❡❞ ❜② ♣M❡✈✐♦✉K KH✉❞✐❡K✳
❘❡❧❛L✐♦♥N❤✐♣N ✇✐L❤✐♥ ^♦❞✉P♦♠♦P♣❤❛ ✭❈♦❧❧❡♠❜♦❧❛✮
■♥H❡M♥❛❧ M❡❧❛H✐♦♥K❤✐♣K ♦❢ ❈♦❧❧❡♠❜♦❧❛ ❛M❡ KH✐❧❧ ♥♦H M❡K♦❧✈❡❞ ✭K❡❡ ❝❤❛♣H❡M ✶✮✳ ❊K♣❡❝✐❛❧❧②✱ ♠♦♥♦♣❤②❧❡H✐❝
❍②♣♦❣❛KHM✉✐❞❛❡ ❤❛✈❡ ❜❡❡♥ ❝♦♥HM❛❞✐❝H❡❞ ✭❉✬❍❛❡K❡✱ ✷✵✵✷❜✮ ❞✉ H♦ H❤❡ ✐♥KH❛❜✐❧✐H② ♦❢ K♦♠❡ K♣❡❝✐❡K✱ ❡✳❣✳
●♦♠♣❤✐♦❝❡♣❤❛❧✉N ♦M ^♦❞✉O❛✳ ■♥ H❤❡ ♥♦♥✲KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ ❛♥❞ ✐♥ H❤❡ KH❛H✐♦♥❛M② ❉◆❆ HM❡❡✱
●♦♠♣❤✐♦❝❡♣❤❛❧✉N ✐K K✐KH❡M ❣M♦✉♣ H♦ ✭^♦❞✉O❛✱◆❡❛♥✉M✐❞❛❡✮✳ ■♥ ❜♦H❤ M❡♠❛✐♥✐♥❣ HM❡❡K✱ ^♦❞✉O❛ ❛♥❞ ●♦♠✲
♣❤✐♦❝❡♣❤❛❧✉N ❛M❡ ♣M♦♣♦K❡❞ ❛K K✐KH❡M H❛①❛✳ ❚❤❡M❡❢♦M❡✱ ❛♣♣M♦❛❝❤❡K ♦❢ H❤❡ ♣M❡K❡♥H H❤❡K✐K ❞♦ ♥♦H ❛❧❧♦✇
♣❧❛✉K✐❜❧❡ ❝♦♥❝❧✉K✐♦♥K ❛❜♦✉H H❤❡ ♣♦K✐H✐♦♥ ♦❢ ❜♦H❤ ♣♦❞✉M♦♠♦M♣❤K ●♦♠♣❤✐♦❝❡♣❤❛❧✉N ✭❍②♣♦❣❛KHM✉M✐❞❛❡✮
❛♥❞ ^♦❞✉O❛ ✭♦❞✉M✐❞❛❡✮✳ ■♥ ❝♦♥HM❛KH✱ ❛❧❧ HM❡❡K ♣M♦♣♦K❡ ❛ ♣♦❧②♣❤②❧② ♦❢ ❍②♣♦❣❛KHM✉M✐❞❛❡ ✇❤✐❝❤ ❤❛K ❜❡❡♥
K✉❣❣❡KH❡❞ ❡❛M❧✐❡M ✭❉✬❍❛❡K❡✱ ✷✵✵✷❜✱ ✷✵✵✸❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺❀ ✐♦♥❣ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱
✷✵✵✾✮✳
❊♥❞♦♣L❡P②❣♦L❡ ✐♥N❡❝LN
❊♥❞♦♣H❡M②❣♦H❛ ❛M❡ ✐♥❢❡MM❡❞ ✐♥ ❛❧❧ ♣M❡K❡♥H HM❡❡K ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH ✭K❡❡ ❜❡❧♦✇✮ ❜✉H✱ ♣❧❛❝❡♠❡♥H ❛♥❞
♠♦♥♦♣❤②❧② ♦❢ ❍②♠❡♥♦♣H❡M❛ ✐K ✐♥❝♦♥K✐KH❡♥H ❝♦♠♣❛M✐♥❣ ♠✐①❡❞ ♠♦❞❡❧ ❛♥❞ ❉◆❆ H♦♣♦❧♦❣✐❡K✳ ■♥ ❜♦H❤
♠✐①❡❞ ♠♦❞❡❧ HM❡❡K✱ ❍②♠❡♥♦♣H❡M❛ ❛M❡ ♠♦♥♦♣❤②❧❡H✐❝ ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✳ ❚❤❡② ❜M❛♥❝❤ ♦✛ ✜MKH ❛♥❞
❛M❡ K✐KH❡M ❣M♦✉♣ ♦❢ M❡♠❛✐♥✐♥❣ ❡♥❞♦♣H❡M②❣♦H❡K✳ ■♥ ❝♦♥HM❛KH✱ ✇✐H❤✐♥ ❜♦H❤ ❉◆❆ HM❡❡K✱ ❈♦❧❡♦♣H❡M❛ ❛M❡
♥❡KH❡❞ ✇✐H❤✐♥ ❤②♠❡♥♦♣H❡M❛♥K ✇✐H❤ ✇❡❛❦ K✉♣♣♦MH✳ ❚❤✐K ❧❡❛❞K H♦ ❛ ♣♦❧②♣❤②❧② ♦❢ ❤②♠❡♥♦♣H❡M❛♥ ✐♥K❡❝HK✳
❚❤✐K ❝❛♥ ❜❡ ❛M❣✉❡❞ ❛K ❤✐❣❤❧② ✉♥❧✐❦❡❧② ✇✐H❤ M❡K♣❡❝H H♦ ❛❧❧ ♠♦M♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K ❝♦♥✲
K✐❞❡M✐♥❣ ❍②♠❡♥♦♣H❡M❛ ❛♥❞ ❈♦❧❡♦♣H❡M❛ ✭❡✳❣✳ ✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❆KK✉♠✐♥❣ H❤❛H ❤②♠❡♥♦♣H❡M❛♥K
❛M❡ ♠♦♥♦♣❤②❧❡H✐❝✱ H❤❡M❡ ✐K ❛ ♣M❡❢❡M❡♥❝❡ H♦✇❛M❞K H❤❡ ♣M❡K❡♥H ♠✐①❡❞ ♠♦❞❡❧ ❛♣♣M♦❛❝❤✳ ■❣♥♦M✐♥❣ ♥♦♥✲
KH❛H✐♦♥❛M✐H② ❞♦❡K ♥♦H ❛✛❡❝H H❤❡ H♦♣♦❧♦❣②✳ ❆❧H♦❣❡H❤❡M✱ H❤❡ ❡✛❡❝H ♦❢ ✐♠♣❧❡♠❡♥H✐♥❣ ♠✐①❡❞ ♠♦❞❡❧K ❛♥❞ ✴
✸✳✹✳ ❉✐K❝✉KK✐♦♥ ✶✵✾
♦M ♥♦♥✲KH❛H✐♦♥❛M✐H② ✐K ♠♦M❡ ♦M ❧❡KK ♣M❡K❡♥H✱ ❞❡♣❡♥❞✐♥❣ ♦♥ H❤❡ ❝♦♥K✐❞❡M❡❞ H❛①♦♥✳
✸✳✹✳✸✳ ❈❧❛❞❡D ♥♦B ❛✛❡❝B❡❞ ❜② ♥♦♥✲DB❛B✐♦♥❛F② ♣F♦❝❡DD❡D ❛♥❞ ♠✐①❡❞ ♠♦❞❡❧ ❛♣♣F♦❛❝❤❡D
❙②♠♣❤②❧❛ ❛♥❞ ^❛✉P♦♣♦❞❛
❈✉MM❡♥H❧②✱ H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ♠②M✐❛♣♦❞K ✐K H❤❡ ♠♦KH M❡❝❡♥H ✇♦M❦✐♥❣ ❤②♣♦H❤❡K✐K ✭❙❤❡❛M ❛♥❞ ❊❞❣❡❝♦♠❜❡✱
✷✵✶✵✮ ❛♥❞ ❤❛K ❜❡❡♥ ❝M✐H✐❝❛❧❧② ❝♦♥K✐❞❡M❡❞ ✐♥ ❊❞❣❡❝♦♠❜❡ ✭✷✵✶✵✮✳ ❉✉❡ H♦ H❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❙②♠♣❤②❧❛
❛♥❞ ❛✉M♦♣♦❞❛✱ ♠②M✐❛♣♦❞K ❛M❡ ♣♦❧②♣❤②❧❡H✐❝ ✐♥ ❛❧❧ HM❡❡K ♦❢ H❤❡ ♣M❡K❡♥H KH✉❞②✳ ❙✉❣❣❡KH❡❞ ♣❧❛❝❡♠❡♥HK
♦❢ K②♠♣❤②❧❛♥K ✭K✐KH❡M ❣M♦✉♣ H♦ ❡✉❛MH❤M♦♣♦❞K ✐♥❝❧✉❞✐♥❣ ♦♥②❝❤♦♣❤♦M❛♥K✮ ❛♥❞ ♣❛✉M♦♣♦❞K ✭K✐KH❡M H❛①♦♥
♦❢ ♦♥②❝❤♦♣❤♦M❛♥K✮ H❤❛H ❛M❡ ❤✐❣❤❧② K✉♣♣♦MH❡❞ ✐♥ HM❡❡K ✭❋✐❣K✳ ✸✳✺✱ ✸✳✻✱ ❚❛❜✳ ✸✳✹✮ ❝♦♥HM❛❞✐❝H ❛♥② ❡✈✐✲
❞❡♥❝❡ ❢M♦♠ ♠♦M♣❤♦❧♦❣✐❝❛❧✱ ❞❡✈❡❧♦♣♠❡♥H❛❧✱ ❛♥❞ ♣❛MH❧② ❢M♦♠ ♠♦❧❡❝✉❧❛M KH✉❞✐❡K✳ ❚❤❡M❡❢♦M❡✱ H❤❡K❡ ❝❧❛❞❡K
K❡❡♠K M❛H❤❡M ✉♥❧✐❦❡❧②✳ ❆❧H❤♦✉❣❤ ♦♥❡ ❛✐♠ ✇❛K H♦ ❜M❡❛❦ ❧♦♥❣ ❜M❛♥❝❤❡K ❜② ❞❡♥K❡ H❛①♦♥ K❛♠♣❧✐♥❣✱ ♣M♦✲
❜❧❡♠K ❛♣♣❛M❡♥H❧② ♣❡MK✐KH ❢♦M ♣❛MH✐❝✉❧❛M H❛①❛✳ ✐H❤ M❡K♣❡❝H H♦ H❤❡ ♣♦K✐H✐♦♥ ❛♥❞ H❤❡ ❜M❛♥❝❤ ❧❡♥❣H❤K
♦❢ K②♠♣❤②❧❛♥K✱ ♣❛✉M♦♣♦❞K ❛♥❞ ♦♥②❝❤♦♣❤♦M❛♥K✱ K❛H✉M❛H✐♦♥ ❜② ♠✉❧H✐♣❧❡ K✉❜KH✐H✉H✐♦♥ ♠✐❣❤H ❝❛✉K❡ K✐❣♥❛❧
❡M♦K✐♦♥ ✭u❣❡❧❡ ❛♥❞ ▼❛②❡M✱ ✷✵✵✼✮✳
▼❛♥❞✐❜✉❧❛L❛ ✈❡PN✉N ▼②P✐♦❝❤❡❧❛L❛
❆♥❛❧②K❡K ♦❢ M❘◆❆ K❡Q✉❡♥❝❡K ❤❛✈❡ ❢❛✈♦M❡❞ ▼②M✐♦❝❤❡❧❛H❛ ♦✈❡M ▼❛♥❞✐❜✉❧❛H❛ ✭❋M✐❡❞M✐❝❤ ❛♥❞ ❚❛✉H③✱ ✶✾✾✺❀
▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱ ✷✵✵✻✮✳ ❚❤❡ ♣M♦❜❧❡♠ ♦❢ ♣♦K✐H✐♦♥✐♥❣ ♠②M✐❛♣♦❞K ❤❛K M❡❝❡♥H❧②
❜❡❡♥ ❛❞❞M❡KK❡❞ ✐♥ ▼❛❧❧❛HH ❡H ❛❧✳ ✭✷✵✶✵✮ ❛♥❞ ❊❞❣❡❝♦♠❜❡ ✭✷✵✶✵✮✳ M❡K❡♥H HM❡❡K ❞♦ ♥♦H ♣M♦✈✐❞❡ ❛ ✜♥❛❧
❝♦♥❝❧✉K✐♦♥✿ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ❛✉M♦♣♦❞❛ ❛♥❞ ❙②♠♣❤②❧❛ ✐K ✉♥♦MH❤♦❞♦① ❛♥❞ ♠②M✐❛♣♦❞K ❛M❡ ♣♦❧②♣❤②❧❡H✐❝✳
❚❤❡ ♠♦KH M❡❝❡♥H KH✉❞② ♦❢ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✶✵✮ K❤♦✉❧❞ ❜❡ HM❡❛H❡❞ ✇✐H❤ ❝❛✉H✐♦♥✳ ❚❤❡ ❛✉H❤♦MK ♣M♦♣♦K❡
KHM♦♥❣❧② K✉♣♣♦MH❡❞ ▼❛♥❞✐❜✉❧❛H❛ ❜❛K❡❞ ♦♥ ❛ ♠✉❧H✐✲❣❡♥❡ ❛♥❛❧②K✐K ✭♥♦♥✲M✐❜♦K♦♠❛❧ ♥✉❝❧❡❛M ❣❡♥❡K✮ ❛♥❞
♥❡❣❧❡❝H ♣✉H❛H✐✈❡ ♣❤②❧♦❣❡♥❡H✐❝ K✐❣♥❛❧ ❢M♦♠ ♦H❤❡M ❞❛H❛✳ ◆❡✈❡MH❤❡❧❡KK✱ H❤❡② ♣♦✐♥H ♦✉H H❤❛H ▼②M✐♦❝❤❡❧❛H❛
♠✐❣❤H ❜❡ K✉♣♣♦MH❡❞ ♠❛✐♥❧② ❜② M✐❜♦K♦♠❛❧ ❣❡♥❡K✳ ❆ M❡❧✐❛❜❧❡ M❡❝♦♥KHM✉❝H✐♦♥ ♦❢ H❤❡ ♣♦K✐H✐♦♥ ♦❢ ♠②M✐❛♣♦❞K
✇✐H❤✐♥ H❤❡ ❊✉❛MH❤M♦♣♦❞❛ ❞❡♠❛♥❞K ♠♦M❡ ❝❛✉H✐♦♥❡❞ ❛♥❛❧②K❡K✱ ❢♦M ❡①❛♠♣❧❡ ❝♦♥K✐❞❡M✐♥❣ ✬❣❡♥❡ ❣M♦✉♣K✬
✭❡✳❣✳ M✐❜♦K♦♠❛❧ ✈❡ON✉N ♥♦♥✲M✐❜♦K♦♠❛❧ ❣❡♥❡K✮✳
❙✐NL❡P ❣P♦✉♣ ♦❢ ❍❡①❛♣♦❞❛
▼♦KH ♠♦❧❡❝✉❧❛M KH✉❞✐❡K K✉♣♣♦MH ♣❛M❛♣❤②❧② ♦❢ ❝M✉KH❛❝❡❛♥K ✇✐H❤ M❡K♣❡❝H H♦ ❤❡①❛♣♦❞K✳ ❆ K✐KH❡M ❣M♦✉♣
M❡❧❛H✐♦♥K❤✐♣ ❜❡H✇❡❡♥ ❇M❛♥❝❤✐♦♣♦❞❛ ❛♥❞ ❍❡①❛♣♦❞❛ ✇❛K ♣M♦♣♦K❡❞ ❢♦M H❤❡ ✜MKH H✐♠❡ ❜② ❘❡❣✐❡M ❛♥❞
❙❤✉❧H③ ✭✶✾✾✼✮✳ ❙❤✉❧H③ ❛♥❞ ❘❡❣✐❡M ✭✷✵✵✵✮ ❛♥❞ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✵✺✮ ❤❛✈❡ ❝♦MM♦❜♦M❛H❡❞ H❤✐K M❡❧❛H✐♦♥K❤✐♣✳
▲✐❦❡✇✐K❡✱ H❤✐K ❝❧❛❞❡ ✐K ❢❛✈♦M❡❞ ❜② M❘◆❆✲❜❛K❡❞ KH✉❞✐❡K ✭▼❛❧❧❛HH ❡H ❛❧✳✱ ✷✵✵✹❀ ▼❛❧❧❛HH ❛♥❞ ●✐M✐❜❡H✱
✷✵✵✻✮✳ ❇♦H❤ KH✉❞✐❡K✱ ❤♦✇❡✈❡M✱ ♥❡❣❧❡❝H H❤❛H H❤❡✐M HM❡❡K K❤♦✇ ❈②❝❧♦♣✐❞❛❡ ✭❈♦♣❡♣♦❞❛✮ ❛K ❛ K✐KH❡M ❣M♦✉♣
♦❢ ❍❡①❛♣♦❞❛✱ ❛❧❜❡✐H ✇✐H❤ ✇❡❛❦ K✉♣♣♦MH✳ ❆❣❛✐♥✱ H♦♣♦❧♦❣✐❡K ♦❢ ♣M❡K❡♥H ❛♥❛❧②K❡K K✉❣❣❡KH ❈♦♣❡♣♦❞❛ ❛K
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✐♥ ❛❧❧ ✐♥KH❛♥❝❡K✳ M❡K❡♥H ❛♥❛❧②K❡K ✉♥❛♠❜✐❣✉♦✉K❧② K✉♣♣♦MH H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❏❛♣②❣♦✐❞❡❛ ❛♥❞ M❡❥❡❝H
❡❛M❧✐❡M M❡K✉❧HK ♦❢ ❡✳❣✳ ❑❥❡M ✭✷✵✵✹✮ ❛♥❞ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳ ✭✷✵✵✾✮✳
❆❞❞M❡KK✐♥❣ ❞✐♣❧✉M❛♥ M❡❧❛H✐♦♥K❤✐♣K✱ ✐♥ ❢✉MH❤❡M M❡K❡❛M❝❤ ✐H ✐K ✇♦MH❤✇❤✐❧❡ H♦ ✐♥❝❧✉❞❡ ♠♦M❡ ♠♦❧❡❝✉❧❛M
♠❛M❦❡MK ✭❡✳❣✳ ❢M♦♠ ❊❙❚ ❞❛H❛✮ ❢♦M ❛❧❧ H❤M❡❡ K✉❜♦M❞❡MK✳ ❊❙❚K ❛M❡ ❝✉MM❡♥H❧② ♦♥❧② ❛✈❛✐❧❛❜❧❡ ❢♦M ❈❛♠♣♦❞❡❛✱
✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ❣❡♥❡M❛H❡❞ ❢♦M H❤❡ ♣M❡K❡♥H H❤❡K✐K ✭❝❤❛♣H❡M ✷✮✳
✸✳✹✳ ❉✐K❝✉KK✐♦♥ ✶✶✶
❘❡❧❛L✐♦♥N❤✐♣N ❜❡L✇❡❡♥ ❝♦❧❧❡♠❜♦❧❛♥ N✉❜♦P❞❡PN
❈♦♥H❡♠♣♦M❛M②✱ H❤❡ ❝❧❛KK✐✜❝❛H✐♦♥ ♦❢ K♣M✐♥❣H❛✐❧K ✐♥H♦ ♦❞✉M♦♠♦M♣❤❛✱ ❊♥H♦♠♦❜M②♦♠♦M♣❤❛✱ ❙②♠♣❤②♣❧❡♦♥❛
❛♥❞ ◆❡❡❧✐♣❧❡♦♥❛ ✭❉❡❤❛M✈❡♥❣✱ ✷✵✵✹✮ ✐K ❛❝❝❡♣H❡❞✱ ✇❤❡M❡❛K M❡❧❛H✐♦♥K❤✐♣K ❜❡H✇❡❡♥ ❝♦❧❧❡♠❜♦❧❛♥ K✉❜♦M❞❡MK
❛M❡ ✉♥❝❧❡❛M✳ ●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳ ✭✷✵✵✾✮ K✉♣♣♦MH H❤❡ ♠♦♥♦♣❤②❧② ♦❢ ❛❧❧ K✉❜♦M❞❡MK✱ ❜✉H
❡❛M❧✐❡M KH✉❞✐❡K ✐♥❢❡MM❡❞ ♣❛M❛♣❤②❧❡H✐❝ ❙②♠♣❤②♣❧❡♦♥❛ ✭❡✳❣✳ ❉✬❍❛❡K❡✱ ✷✵✵✷❜❀ ▲✉❛♥ ❡H ❛❧✳✱ ✷✵✵✺✮✳ ❈✉MM❡♥H❧②✱
◆❡❡❧✐♣❧❡♦♥❛ ✐K H❤❡ K♠❛❧❧❡KH ♦M❞❡M ✇✐H❤ ♦♥❡ K✐♥❣❧❡ ❢❛♠✐❧②✱ ◆❡❡❧✐❞❛❡ ✭K❤♦MH✲❤♦M♥❡❞ K♣M✐♥❣H❛✐❧K✮✳ ❚❤❡② ❤❛✈❡
❜❡❡♥ ❞❡K❝M✐❜❡❞ ❛H H❤❡ ❡♥❞ ♦❢ H❤❡ ✶✾H❤ ❝❡♥H✉M② ✭❋♦❧K♦♠✱ ✶✽✾✻✮✳ ◆❡❡❧✐♣❧❡♦♥❛ ❤❛✈❡ ❜❡❡♥ K❡♣❛M❛H❡❞ ❢M♦♠
❙②♠♣❤②♣❧❡♦♥❛ ❜② ▼❛KK♦✉❞ ✭✶✾✼✶✮ ❛K H❤❡② KHM♦♥❣❧② ❞✐✛❡M ✐♥ H❤❡✐M ❣❧♦❜✉❧❛M ❜♦❞✐❡K✳ ❖M✐❣✐♥❛❧❧②✱ H❤❡②
✇❡M❡ ♣M♦♣♦K❡❞ ❛K ❛ K✐KH❡M ❣M♦✉♣ ♦❢ ❙②♠♣❤②♣❧❡♦♥❛ ✭K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ❉✬❍❛❡K❡✱ ✷✵✵✸❀ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳✱
✷✵✵✾✮✳ ●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮ ✜MKH❧② ✐♥❝❧✉❞❡❞ ◆❡❡❧✐♣❧❡♦♥❛ ✐♥ ❛♥ M❘◆❆ KH✉❞②✱ ❢♦❧❧♦✇❡❞ ❜② ✐♦♥❣ ❡H ❛❧✳ ✭✷✵✵✽✮
❛♥❞ ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳ ✭✷✵✵✾✮✳ ❚❤❡K❡ KH✉❞✐❡K ♣M♦✈✐❞❡ ✐♥❝♦♥K✐KH❡♥H M❡K✉❧HK✿ ✐♦♥❣ ❡H ❛❧✳ ✭✷✵✵✽✮ K✉❣❣❡KH ❛
K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ◆❡❡❧✐♣❧❡♦♥❛ ❛♥❞ ❙②♠♣❤②♣❧❡♦♥❛✱ ✇❤❡M❡❛K ❉❡❧❧✬❆♠♣✐♦ ❡H ❛❧✳ ✭✷✵✵✾✮ ♣M♦♣♦K❡
◆❡❡❧✐♣❧❡♦♥❛ H♦ ❜❡ ♣♦❧②H♦♠♦✉K ✇✐H❤ ❊♥H♦♠♦❜M②♦♠♦M♣❤❛ ❛♥❞ ✭♦❞✉M♦♠♦M♣❤❛✱❙②♠♣❤②♣❧❡♦♥❛✮✳ M❡K❡♥H
H♦♣♦❧♦❣✐❡K ❛M❡ ✐♥ ❧✐♥❡ ✇✐H❤ ✜♥❞✐♥❣K ♦❢ ●❛♦ ❡H ❛❧✳ ✭✷✵✵✽✮✳ ◆❡❡❧✐♣❧❡♦♥❛ ✭▼❡❣❛❧♦M❤♦O❛①✮ ❛❧✇❛②K K♣❧✐H ♦✛
✜MKH ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH✳
▼♦♥♦♣❤②❧② ♦❢ ❛❧❧ K✉❜♦M❞❡MK ✐K ❝♦MM♦❜♦M❛H❡❞ ✐♥ H❤❡ ♣M❡K❡♥H M❘◆❆ M❡❝♦♥KHM✉❝H✐♦♥K ✇✐H❤ ❤✐❣❤ K✉♣♣♦MH
✭♣ > ✾✵✮✱ ❡①❝❡♣H ❢M♦♠ H❤❡ KH❛H✐♦♥❛M②✱ ♠✐①❡❞ ♠♦❞❡❧ HM❡❡✳ ❍❡M❡✱ ❊♥H♦♠♦❜M②♦♠♦M♣❤❛ ❛M❡ ♦♥❧② ✇❡❛❦❧②
K✉♣♣♦MH❡❞✳ ❆ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❊♥H♦♠♦❜M②♦♠♦M♣❤❛ ❛♥❞ ✭♦❞✉M♦♠♦M♣❤❛✱❙②♠♣❤②♣❧❡♦♥❛✮
✐K ✇❡❧❧ K✉♣♣♦MH❡❞ ✭♣ > ✾✵✮✱ ❛❣❛✐♥ ❡①❝❡♣H ❢M♦♠ H❤❡ KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞❡❧ HM❡❡ ✭♣ ❛M♦✉♥❞ ✵✳✼✮✳
❉✬❍❛❡K❡ ✭✷✵✵✸✮ ❛❧K♦ ✐♥❢❡MM❡❞ ❛ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❊♥H♦♠♦❜M②♦♠♦M♣❤❛ ❛♥❞ ✭♦❞✉M♦♠♦M✲
♣❤❛✱❙②♠♣❤②♣❧❡♦♥❛✮✳ ♦M❝♦ ❛♥❞ ❉❡❤❛M✈❡♥❣ ✭✷✵✵✾✮ M❡❝❡♥H❧② K✉❣❣❡KH❡❞ H❤❛H ❡♣✐❝✉H✐❝✉❧❛M ❝❤❡♠✐❝❛❧ ❝♦♠✲
♣♦✉♥❞K ♣M♦✈✐❞❡ ❣♦♦❞ M❡K♦❧✉H✐♦♥K ❢♦M H❡M♠✐♥❛❧ ❜M❛♥❝❤❡K ❜✉H ♥♦H ❢♦M ✐♥H❡M♥❛❧ ❝♦❧❧❡♠❜♦❧❛♥ K♣❧✐HK✳ ■♥❝M❡❛K❡❞
❞❛H❛ ❛✈❛✐❧❛❜✐❧✐H② ♦❢ ◆❡❡❧✐♣❧❡♦♥❛ ✭❊❙❚K✮ ❛♥❞ ❞❡H❛✐❧❡❞ ❛♥❛❧②K❡K ♦❢ K❧♦✇ ❛♥❞ ❢❛KH ❡✈♦❧✈✐♥❣ ❣❡♥❡K ♠✐❣❤H ❜❡
❤❡❧♣❢✉❧ H♦ M❡K♦❧✈❡ M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤✐♥ K♣M✐♥❣H❛✐❧K✳
❆♥❝✐❡♥L N♣❧✐LN ✇✐L❤✐♥ ♣L❡P②❣♦L❡ ✐♥N❡❝LN
M❡K❡♥H M❘◆❆ ❞❛H❛ K✉❣❣❡KH ❈❤✐❛KH♦♠②❛M✐❛ ❛K ♠♦KH ❧✐❦❡❧② ✭❜✉H K❡❡ ❞✐K❝✉KK✐♦♥ ✐♥ ▼✐K♦❢ ❡H ❛❧✳✱ ✷✵✵✼✮✳
❋♦M ❛❧❧ H❤M❡❡ ♣♦KK✐❜❧❡ ❛MM❛♥❣❡♠❡♥HK ♦❢ ❖❞♦♥❛H❛✱ ❊♣❤❡♠❡M♦♣H❡M❛ ❛♥❞ ◆❡♦♣H❡M❛ ❧✐❦❡✇✐K❡ ♠♦M♣❤♦❧♦❣✐❝❛❧
K✉♣♣♦MH ✐K ♣M❡K❡♥H✳ ❚❤✐K ♠✐❣❤H ❜❡ ❜❡KH ❡①♣❧❛✐♥❡❞ ❜② ❛♥ ❡❛M❧② ✏❡①♣❧♦K✐✈❡ M❛❞✐❛H✐♦♥✑ ✭❤✐H✜❡❧❞ ❛♥❞
❑❥❡M✱ ✷✵✵✽✮✳ ❆❧❧ ♣M❡K❡♥H H♦♣♦❧♦❣✐❡K ❛M❡ ✐♥ ❧✐♥❡ ✇✐H❤ H❤❡ M❘◆❆ KH✉❞② ♦❢ ▲❡HK❝❤ ❡H ❛❧✳ ✭✷✵✶✵✮ ❛♥❞
H❤❡ ♣❤②❧♦❣❡♥♦♠✐❝ KH✉❞② ♦❢ ❙✐♠♦♥ ❡H ❛❧✳ ✭✷✵✵✾✮✳ ❚❤❡K❡ H♦♣♦❧♦❣✐❡K ❛M❡ ✐♥❝♦♥K✐KH❡♥H ✇✐H❤ M❡K✉❧HK ♦❢
▼❛❧❧❛HH ❡H ❛❧✳ ✭✷✵✶✵✮ ❛♥❞ ❘❡❣✐❡M ❡H ❛❧✳ ✭✷✵✶✵✮✳ ❚❤❡ ♣M❡K❡♥H ♣❤②❧♦❣❡♥♦♠✐❝ ❛♣♣M♦❛❝❤ ✭❝❤❛♣H❡M ✷✮ ❞♦❡K
♥♦H ♣M♦✈✐❞❡ ❞✐KH✐♥❝H M❡K✉❧HK ❛❞❞M❡KK✐♥❣ ❡❛M❧② ♣H❡M②❣♦H❡ K♣❧✐HK✳ ❆ M❡✲❛♥❛❧②K✐K ♦❢ ♠♦M♣❤♦❧♦❣✐❝❛❧ ♠❛♥❞✐❜❧❡
♠✉K❝❧❡ KHM✉❝H✉M❡K ✇✐H❤ ❛ H❤♦M♦✉❣❤ H❛①♦♥ K❛♠♣❧✐♥❣ ♠❛② ❜❡ ❝M✉❝✐❛❧✿ H❤❡ ▼❡H❛♣H❡M②❣♦H❛ ❤②♣♦H❤❡K✐K
✭❊♣❤❡♠❡M♦♣H❡M❛✭❖❞♦♥❛H❛✱H❡M②❣♦H❛✮ ✭♠♦M♣❤♦❧♦❣✐❝❛❧❧② K✉♣♣♦MH❡❞ ❜② ❙H❛♥✐❝③❡❦✱ ✷✵✵✵✱ ✷✵✵✸✮✱ M❡❧✐❡K
♦♥ ❛ ✈❡M② K♣❛MK❡ ♦❞♦♥❛H❡ H❛①♦♥ K❛♠♣❧✐♥❣ ✭❇❧❛♥❦❡✱ ❋▼❑✱ ♣❡MK✳ ❝♦♠♠✳✮✳
❊♥❞♦♣L❡P②❣♦L❡ ✐♥N❡❝LN✿ ♣♦N✐L✐♦♥ ♦❢ ❍②♠❡♥♦♣L❡P❛
❚❤❡ ♣❧❛❝❡♠❡♥H ♦❢ ❍②♠❡♥♦♣H❡M❛ ✇✐H❤✐♥ ❊♥❞♦♣H❡M②❣♦H❛ ✐K KH✐❧❧ ✉♥❝❧❡❛M✳ ❙❡✈❡M❛❧ K❝❡♥❛M✐♦K ❤❛✈❡ ❜❡❡♥
K✉❣❣❡KH❡❞✿ ❢♦M ❡①❛♠♣❧❡✱ ❜❡❡H❧❡K ✰ ♥❡✉M♦♣H❡M✐❞❛♥K ❜M❛♥❝❤ ♦✛ ✜MKH ♦M ❤②♠❡♥♦♣H❡M❛♥K ❛M❡ K✐KH❡M ❣M♦✉♣
H♦ ❛❧❧ ♦H❤❡M ❡♥❞♦♣H❡M②❣♦H❡ ✐♥K❡❝HK ✭❑M✐KH❡♥K❡♥✱ ✶✾✾✾❀ ❑✉❦❛❧♦✈}✲❡❝❦ ❛♥❞ ▲❛✇M❡♥❝❡✱ ✷✵✵✹❀ ❇❡✉H❡❧ ❛♥❞
♦❤❧✱ ✷✵✵✻❀ ✐❡❣♠❛♥♥ ❡H ❛❧✳✱ ✷✵✵✾✮✳ M❡K❡♥H ❛♥❛❧②K❡K K❤♦✇ KHM♦♥❣ K✉♣♣♦MH ❢♦M ♠♦KH ❡♥❞♦♣H❡M②❣♦H❡
✶✶✷ ❈❤❛♣H❡M ✸✳ ❆MH❤M♦♣♦❞ ❤②❧♦❣❡♥② ✐♥❢❡MM❡❞ ❢M♦♠ M❘◆❆K
♦M❞❡MK✳ ❍②♠❡♥♦♣H❡M❛ ❛M❡ ♣M♦♣♦K❡❞ ❛K K✐KH❡M ❣M♦✉♣ H♦ M❡♠❛✐♥✐♥❣ ✐♥HM✐❝❛H❡♥❡KK ✐♥K❡❝HK ✐♥ ♣M❡K❡♥H ♠✐①❡❞
♠♦❞❡❧ H♦♣♦❧♦❣✐❡K ✇✐H❤ ♠❛①✐♠❛❧ K✉♣♣♦MH✳ ■♥ M❘◆❆ ❛♥❛❧②K❡K ♦❢ ▲❡HK❝❤ ❡H ❛❧✳ ✭✷✵✶✵✮✱ H❤✐K K❝❡♥❛M✐♦ ✐K
✇❡❛❦❧② K✉♣♣♦MH❡❞✱ ❜✉H ♦♥❧② ✐♥ H❤❡✐M ❉◆❆ ❛♥❞ ♥♦H ✐♥ H❤❡✐M ♠✐①❡❞ ♠♦❞❡❧ H♦♣♦❧♦❣②✳ ■♥ ❝♦♥HM❛KH H♦ ♣M❡K❡♥H
❛♥❛❧②K❡K✱ H❤❡ ❛✉H❤♦MK ✉K❡❞ H❤❡ K♦❢H✇❛M❡ ▼M❇❛②❡K ✭❘♦♥Q✉✐KH ❛♥❞ ❍✉❡❧K❡♥❜❡❝❦✱ ✷✵✵✸✮ ✇✐H❤ H❤❡ ❉◆❆
♠♦❞❡❧ ●❚❘✰ Γ ❢♦M ✐♥❢❡M❡♥❝❡✳ ❚♦♣♦❧♦❣✐❝❛❧ ❞✐✛❡M❡♥❝❡K ♠✐❣❤H ✐♥❞✐❝❛H❡ H❤❛H M❡❝♦♥KHM✉❝H✐♦♥ ♦❢ HM❡❡K
❜❛K❡❞ ♦♥ ♥✉❝❧❡❛M M❘◆❆ ❞❛H❛✱ ❛H ❧❡❛KH ❢♦M K✉❜❣M♦✉♣K✱ ✐K ❤✐❣❤❧② ❞❡♣❡♥❞❡♥H ♦♥ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞K✳
❚❤❡M❡❢♦M❡✱ ❝♦♥❝❧✉K✐♦♥K ❜❛K❡❞ ♦♥ ♥✉❝❧❡❛M M❘◆❆ ❣❡♥❡K K❤♦✉❧❞ ❜❡ ❞M❛✇♥ ✇✐H❤ ❝❛✉H✐♦♥ ❢♦M ❍②♠❡♥♦♣H❡M❛✳
❚❤✐K ✐K ❛❧K♦ HM✉❡ ❢♦M ❡❛M❧② ♣H❡M②❣♦H❡ K♣❧✐HK ✭K❡❡ ❛❜♦✈❡✮✳ ■❢ H❛①❛ ✉♥❞❡M❧② ❛ ❢❛KH M❛❞✐❛H✐♦♥ ♦M ❞✐✛❡M❡♥H✐❛H✐♦♥
✭❡✳❣✳ ❈♦❧❡♦♣H❡M❛ ♦M ❍②♠❡♥♦♣H❡M❛✮✱ K✐❣♥❛❧ ♦❢ K❡❧❡❝H❡❞ ❣❡♥❡K ♠✐❣❤H ❜❡ ❧♦✇✳ ■❢ H❤❡ ♣❧❛❝❡♠❡♥H ♦❢
H❤❡K❡ H❛①❛ H✉M♥K ♦✉H H♦ ❜❡ ❤✐❣❤❧② ❞❡♣❡♥❞❡♥H ♦♥ H❤❡ M❡❝♦♥KHM✉❝H✐♦♥ ♠❡H❤♦❞✱ ✐H ✐K ✇♦MH❤✇❤✐❧❡ H♦ ♠♦❞❡❧
♣M❡K❡♥H ❞❛H❛ ❜② ✐♥❝♦M♣♦M❛H✐♥❣ ❜❛❝❦❣M♦✉♥❞ ❦♥♦✇❧❡❞❣❡✳ ❆❧H❡M♥❛H✐✈❡❧② ♦♥❡ K❤♦✉❧❞ ❣♦ ❢♦M ❣❡♥❡K H❤❛H
♣M♦✈✐❞❡ ♠♦M❡ K✐❣♥❛❧ ❢♦M HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥K✳ ❆ K✐KH❡M ❣M♦✉♣ M❡❧❛H✐♦♥K❤✐♣ ♦❢ ❍②♠❡♥♦♣H❡M❛ ❛♥❞ M❡♠❛✐♥✐♥❣
❡♥❞♦♣H❡M②❣♦H❡K ✐K K✉❣❣❡KH❡❞ ❜② ❙❛✈❛M❞ ❡H ❛❧✳ ✭✷✵✵✻✮✳ ✐❡❣♠❛♥♥ ❡H ❛❧✳ ✭✷✵✵✾✮ ❛♥❞ ❙✐♠♦♥ ❡H ❛❧✳ ✭✷✵✵✾✮
❝♦MM♦❜♦M❛H❡ H❤✐K K❝❡♥❛M✐♦✳ ❤②❧♦❣❡♥♦♠✐❝ M❡K✉❧HK ✭K❡❡ ❝❤❛♣H❡M ✷✮ ❛❧K♦ ♣M♦♣♦K❡ H❤❛H ❍②♠❡♥♦♣H❡M❛
❜M❛♥❝❤ ♦✛ ✜MKH ✇✐H❤✐♥ ❊♥❞♦♣H❡M②❣♦H❛✳ ❍♦✇❡✈❡M✱ ❛♥❛❧②K❡K ❜❛K❡❞ ♦♥ ❝♦♠♣❧❡H❡ ♠✐H♦❝❤♦♥❞M✐❛❧ ❣❡♥♦♠❡K
❝♦♥HM❛❞✐❝H H❤✐K K❝❡♥❛M✐♦ ✭❡✳❣✳ ❈❛KHM♦ ❛♥❞ ❉♦✇H♦♥✱ ✷✵✵✺✮✳
✸✳✺✳ ❈♦♥❝❧✉>✐♦♥>
❚❤❡ HM❡❡ M❡K♦❧✉H✐♦♥ ♦❢ H❤✐K ❛MH❤M♦♣♦❞ M❘◆❆ ❞❛H❛ K❡H ❞❡♠♦♥KHM❛H❡K H❤❛H ❞❛H❛ Q✉❛❧✐H② ❛KK❡KK♠❡♥H ❛♥❞
❛ ❝❛✉H✐♦✉K ♠♦❞❡❧✐♥❣ ✐♥❝♦M♣♦M❛H✐♥❣ ❜❛❝❦❣M♦✉♥❞ ❦♥♦✇❧❡❞❣❡ ❛K ✇❡❧❧ ❛K ❛♥ ✐♥❝M❡❛K❡❞ ❝♦♠♣✉H❛H✐♦♥❛❧ ❡✛♦MH
♣❛②K ♦✛✳ ❆♣♣❧✐❡❞ ❛♣♣M♦❛❝❤❡K ❛❧K♦ K❤♦✇ H❤❛H H❤❡ ✐♠♣❛❝H ♦❢ ❜✐❛K✐♥❣ ❡✛❡❝HK ✐K ♥♦H ✇❡❧❧ ✉♥❞❡MKH♦♦❞
❛❝❝♦M❞✐♥❣ H♦ ❞✐✛❡M❡♥H ♠♦❞❡❧✐♥❣✳ ❚♦♦❧K ❛M❡ M❡Q✉✐M❡❞ H♦ ✐❞❡♥H✐❢② ❛♥❞ ❝❤❛M❛❝H❡M✐③❡ H❤❡K❡ ❡✛❡❝HK ♣M♦♣❡M❧②
❛♥❞ HM❡❛H ❧♦♥❣ ❜M❛♥❝❤ H❛①❛ ❛❞❡Q✉❛H❡❧② ✐♥ ❛♥❛❧②K❡K ✐❢ ✇❡ ✇❛♥H H♦ ❛❞❞M❡KK ♣❤②❧♦❣❡♥❡H✐❝ M❡❧❛H✐♦♥K❤✐♣K
✐♥ ❢✉H✉M❡ M❡K❡❛M❝❤✳ M❡K❡♥H ❛♥❛❧②K❡K ❝❧❡❛M❧② K❤♦✇ H❤❛H H❤❡ ✐♠♣❧❡♠❡♥H❛H✐♦♥ ♦❢ ❜❛K❡ ❝♦♠♣♦K✐H✐♦♥❛❧ ❤❡✲
H❡M♦❣❡♥❡✐H② ✭♥♦♥✲KH❛H✐♦♥❛M✐H②✮ ✐K ❝M✉❝✐❛❧ H♦ M❡❧✐❛❜❧② M❡❝♦♥KHM✉❝H ♣❤②❧♦❣❡♥✐❡K ✭K❡❡ ♣❧❛❝❡♠❡♥H ♦❢ ❍✉M❝❤✐♥✲
N♦♥✐❡❧❧❛ ✭❈❡♣❤❛❧♦❝❛M✐❞❛✱ ❈M✉KH❛❝❡❛✮✱ ❛♥❞ ▲❡♣✐N♠❛ ✭②❣❡♥H♦♠❛✱ ❍❡①❛♣♦❞❛✮✮✳
❋M♦♠ ❛ KH❛H✐KH✐❝❛❧ ♣♦✐♥H ♦❢ ✈✐❡✇✱ ♥♦♥✲KH❛H✐♦♥❛M② ❉◆❆ ♠♦❞❡❧K ♦✉H♣❡M❢♦M♠ ♥♦♥✲KH❛H✐♦♥❛M② ♠✐①❡❞ ♠♦❞✲
❡❧K✳ ❙H✐❧❧✱ ❉◆❆ H♦♣♦❧♦❣✐❡K K❤♦✇ K♦♠❡ K✉K♣✐❝✐♦✉K M❡K✉❧HK ✇✐H❤ ♥❡❣❧✐❣✐❜❧❡ K✉♣♣♦MH✱ ❢♦M ❡①❛♠♣❧❡ ❛ ♣❛M❛♣❤②❧②
♦❢ ❊♦K❡♥H♦♠❛H❛ ✭M♦H✉M❛✮ ♦M ❛ ♣♦❧②♣❤②❧② ♦❢ ❤②♠❡♥♦♣H❡M❛♥ ✐♥K❡❝HK ✭❊♥❞♦♣H❡M②❣♦H❛✮ ✇❤✐❝❤ ❧❛❝❦K ❛♥②
♠♦M♣❤♦❧♦❣✐❝❛❧✱ ❞❡✈❡❧♦♣♠❡♥H❛❧ ❛♥❞ ♠♦❧❡❝✉❧❛M ❡✈✐❞❡♥❝❡✳ ❚❤❡M❡❢♦M❡✱ ✐H ✐K K✉❣❣❡KH❡❞ H❤❛H ♠♦❞❡❧✐♥❣ K✐H❡✲
✐♥H❡M❞❡♣❡♥❞❡♥❝❡ ♣❧✉K ♥♦♥✲KH❛H✐♦♥❛M✐H② ✐♥❝M❡❛K❡K H❤❡ ❝❤❛♥❝❡ H♦ ✐♥❢❡M M♦❜✉KH H♦♣♦❧♦❣✐❡K✳

✹✳ ❋✉=✉A❡ 7A♦?♣❡❝=?
▼❡L❤♦❞♦❧♦❣✐❝❛❧ ❝♦♥N✐❞❡P❛L✐♦♥N L♦✇❛P❞N ♣❤②❧♦❣❡♥♦♠✐❝N
❊①M❡♥N✐♦♥ ♦❢ ▼❆❘❊
❊①H❡♥❞❡❞ ❣❡♦♠❡HM② ♠❛♣♣✐♥❣ ✭❡●▼✮ ✐♠♣❧❡♠❡♥H❡❞ ✐♥ ▼❆❘❊ ✐K ❛ H❡❝❤♥✐❝❛❧❧② ❝♦♥✈❡♥✐❡♥H ✇❛② ♦❢ ❡KH✐✲
♠❛H✐♥❣ ♣♦H❡♥H✐❛❧ ✐♥❢♦M♠❛H✐♦♥✳ ■♥ ✐HK ❝✉MM❡♥H ❛♣♣❧✐❝❛H✐♦♥✱ ✐H ✐K ❛ M♦✉❣❤ ❛KK❡KK♠❡♥H ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧
❛♠♦♥❣ H❛①❛✱ ❛K ✐H ❞♦❡K ♥♦H ❝♦♥K✐❞❡M ❞✐✛❡M❡♥H ♣❤②❧♦❣❡♥❡H✐❝ H❛①❛ ✇✐H❤✐♥ ❛ ❞❛H❛ K❡H✳ ❆♥ ❡①H❡♥K✐♦♥ ♦❢ ❛
❤②♣♦H❤❡K✐K✲❞M✐✈❡♥ ❛KK❡KK♠❡♥H ♦❢ ♣♦H❡♥H✐❛❧ K✐❣♥❛❧ ♦♣❡♥K H❤❡ ♣♦KK✐❜✐❧✐H② H♦ ❛ ❤②♣♦H❤❡K✐K✲❞M✐✈❡♥ ✏❜❛❧❛♥❝❡❞✑
H❛①♦♥✴❣❡♥❡ K❡❧❡❝H✐♦♥ ❛♥❞ H♦ M❡❞✉❝H✐♦♥K ♦❢ ❡❞❣❡✲✇❡✐❣❤H❡❞ ♠❛HM✐❝❡K ❛❝❝♦M❞✐♥❣❧②✳ ■♠♣❧❡♠❡♥H❛H✐♦♥ ♦❢ ❞✐❢✲
❢❡M❡♥H ❡♠♣✐M✐❝❛❧ ♠❛HM✐❝❡K ❛♥❞ ❛ M❡✜♥❡❞ ▼❆❘❊ ✈❡MK✐♦♥ ❢♦M ❛ ♥✉❝❧❡♦H✐❞❡ ❧❡✈❡❧ ✐K K❤♦✉❧❞ ❜❡ H❛❦❡♥ ✐♥H♦
❛❝❝♦✉♥H✳ ❋♦M ❜♦H❤✱ H❤❡ ❡✈❛❧✉❛H✐♦♥ ♦❢ ♣♦H❡♥H✐❛❧ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❛♥❞ M❡❞✉❝H✐♦♥ ❤❡✉M✐KH✐❝K✱ ♥♦H ♦♥❧②
❛ ♣❛MH✐❝✉❧❛M ❣❡♥❡ ♦✈❡M❧❛♣ ❜✉H✱ ❛❞❞✐H✐♦♥❛❧❧② ❛ ❝❡MH❛✐♥ ♦✈❡M❧❛♣ ♦❢ ♣♦K✐H✐♦♥K ❜❡H✇❡❡♥ H❛①❛ K❤♦✉❧❞ ❜❡ ♠♦♥✐✲
H♦M❡❞✳ ❋✉MH❤❡M✱ ✐♠♣❧❡♠❡♥H✐♥❣ ♠❡❛K✉M❡K ♦❢ ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❢M♦♠ ❛❞❞✐H✐♦♥❛❧ ❝❤❛M❛❝H❡MK
❢M♦♠ ❛ ♥❡✇ H❛①♦♥ ❛❞❞❡❞ H♦ ❛ ♣❤②❧♦❣❡♥❡H✐❝ Q✉❛MH❡H ♣M♦♣♦K❡❞ ❜② ❚♦✇♥K❡♥❞ ❛♥❞ ▲♦♣❡③✲●✐M❛❧❞❡③ ✭✷✵✶✵✮
♦M ♠❡❛K✉M✐♥❣ ♦❢ ✐♥❢♦M♠❛H✐♦♥ ❝♦♥H❡♥H ❜❛K❡❞ ♦♥ ✐♥✈❛M✐❛♥HK ✭❆❧❧♠❛♥ ❛♥❞ ❘❤♦❞❡K✱ ✷✵✵✼❀ ❈❛K❛♥❡❧❧❛K ❛♥❞
❋❡M♥}♥❞❡③✲❙}♥❝❤❡③✱ ✷✵✵✼✮ ❛M❡ ❝♦♥K✐❞❡M❛❜❧❡✳ ❚❡❝❤♥✐Q✉❡K ♦❢ ♠❛①✐♠❛❧ ❝❧✐Q✉❡K ❛♥❞✴♦M Q✉❛K✐✲❜✐❝❧✐Q✉❡K
✭K❡❡ ❉✐K❝✉KK✐♦♥ ✐♥ ❝❤❛♣H❡M ✷✮ ❝♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥H❡❞ H♦ K❡❧❡❝H ♦♣H✐♠❛❧ K✉❜♠❛HM✐❝❡K✳
◆✉❝❧❡♦M✐❞❡ ✈❡ON✉N ❛♠✐♥♦ ❛❝✐❞ ❛♥❛❧②N❡N
◆✉❝❧❡♦H✐❞❡ ❛♥❛❧②K❡K K❡❡♠ ✇♦MH❤✇❤✐❧❡ ❢♦M H❤❡ ♣M❡K❡♥H ❛MH❤M♦♣♦❞ ❞❛H❛ K❡HK✱ ❛K ♣M♦♣♦K❡❞ ❜② ❘❡❣✐❡M ❡H ❛❧✳
✭✷✵✶✵✮✳ ❍♦✇❡✈❡M✱ K✉❣❣❡KH❡❞ ♠❡H❤♦❞K ❛M❡ ❝✉MM❡♥H❧② ♥♦H ❛♣♣❧✐❝❛❜❧❡ ♦♥ ❞❛H❛ K❡HK ♦❢ H❤✐K H❤❡K✐K✳ ❚❤❡
✉♥M❡❞✉❝❡❞ ♥✉❝❧❡♦H✐❞❡ ❞❛H❛ K❡H K♣❛♥ ✉♣ H♦ ✶ ♠✐❧❧✐♦♥ ❜♣✱ H❤❡ ❙❖❙ ✶✵✵✳✵✵✵ ❜♣✳ ❊✈❡♥ ✇✐H❤ ♣❛M❛❧❧❡❧✐③❡❞
K♦❢H✇❛M❡ ❛♥❞ ❤✐❣❤ ♣❡M❢♦M♠❛♥❝❡ ❝♦♠♣✉H✐♥❣ ✭❍❈✮✱ ▼▲ ❛♥❛❧②K❡K ✇✐❧❧ ♣M♦❜❛❜❧② ❡①❡❡❞ ❝✉MM❡♥H❧② ❛✈❛✐❧✲
❛❜❧❡ ❝♦♠♣✉H❛H✐♦♥❛❧ M❡K♦✉M❝❡K✳ ❤②❧♦❣❡♥❡H✐❝ M❡❝♦♥KHM✉❝H✐♦♥ ✇✐H❤ ❤②❧♦❇❛②❡K ♦M ▼M❇❛②❡K ❛M❡ K✐♠♣❧②
✉♥M❡❛❧✐KH✐❝ ✇✐H❤ M❡K♣❡❝H H♦ ♣❛M❛♠❡H❡M ❝♦♥✈❡M❣❡♥❝❡✳ ❚❤❡M❡❢♦M❡✱ ❡①H❡♥❞❡❞ ❛❧❣M♦M✐H❤♠K ✇❤✐❝❤ M❡Q✉✐M❡ ❧❡KK
❝♦♠♣✉H❛H✐♦♥ H✐♠❡ ❛♥❞ ❧❡KK ❘❆▼ K❤♦✉❧❞ ❜❡ ❞❡✈❡❧♦♣❡❞✳
❊NM❛❜❧✐N❤❡♠❡♥M ♦❢ ❛ ♣O✐♠❡OM♦♦❧❜♦① ❢♦O ❣❡♥♦♠✐❝ ❉◆❆
❚❤❡ ❡KH❛❜❧✐K❤♠❡♥H ♦❢ ❛ ♣M✐♠❡MH♦♦❧❜♦① ❢♦M ❛♠♣❧✐❢②✐♥❣ ❣❡♥❡K ♣♦KK✐❜❧② ❝♦♠♣❡♥K❛H❡K H❤❡ K♣❛MK❡ ❞❛H❛
❛✈❛✐❧❛❜✐❧✐H② ❢♦M ♣❛MH✐❝✉❧❛M H❛①❛✳ ❚❤❡M❡❜②✱ ♣M✐♠❡MK H❤❛H ✇♦M❦ ♦♥ ❣❡♥♦♠✐❝ ❉◆❆ ✐K ❢❛✈♦M❛❜❧❡ ❜❡❝❛✉K❡
❉◆❆ ❝❛♥ ❡❛K✐❧② ❜❡ ♣M❡K❡M✈❡❞ ❛♥❞ M❡♠❛✐♥K KH❛❜❧❡✳ ❘❡❝❡♥H❧②✱ ❛♥ ❛✉H♦♠❛H❡❞ ♣M✐♠❡M ❞❡K✐❣♥ H♦♦❧ ❤❛K ❜❡❡♥
❞❡✈❡❧♦♣❡❞ ❜② ❏✳ ❇♦M♥❡M✱ ♥✐✈❡MK✐H② ♦❢ ❍❛♠❜✉M❣ ✭❇♦M♥❡M✱ ✉♥♣✉❜❧✐K❤❡❞✮✳ ❚❤❡ K♦❢H✇❛M❡ ❝❛♥ ❣❡♥❡M❛H❡
❞❡❣❡♥❡M❛H❡❞ ♣M✐♠❡MK ❢M♦♠ ❛♠✐♥♦ ❛❝✐❞ ❛❧✐❣♥♠❡♥HK H❤❛H ✇♦M❦ ♦♥ ❣❡♥♦♠✐❝ ❉◆❆✱ ✇❤✐❧❡ ♣♦KK✐❜❧❡ K❡❝♦♥❞❛M②
KHM✉❝H✉M❡K ❛M❡ ❝♦♥K✐❞❡M❡❞✳ ❆ ❝❤❡❝❦ ♦❢ H❤❡ ♣M✐♠❡M ❧♦❝❛H✐♦♥ ✇✐H❤ M❡K♣❡❝H H♦ ✐♥HM♦♥K ❛♥❞ ❡①♦♥K ✐K ✐♥❝❧✉❞❡❞
❛❣❛✐♥KH ❝❧♦K❡❧② M❡❧❛H❡❞ ✇❤♦❧❡ ❣❡♥♦♠❡ K♣❡❝✐❡K✳ ❚❤✐K K❡❡♠K ❛♥ ❛❧H❡M♥❛H✐✈❡ ✇❛② H♦ ❛♠♣❧✐❢② ♠❛♥② ❣❡♥❡K
❢♦M K♣❡❝✐❡K✱ ✇❤❡M❡ ❛♥ ❊❙❚ ❛♣♣M♦❛❝❤ ✐K ♥♦H ♣♦KK✐❜❧❡✳
✶✶✺
^O♦❝❡NN✐♥❣ ❊❙❚N ❢O♦♠ ✹✺✹ N❡Q✉❡♥❝✐♥❣ ❛♥❞ ❝❤❡❝❦ ♦❢ ❝♦♥M❛♠✐♥❛M✐♦♥
■♥ ❢✉H✉M❡✱ ❊❙❚K ✇✐❧❧ ❜❡ ❡①❝❧✉K✐✈❡❧② ❣❡♥❡M❛H❡❞ ❜② ✹✺✹ K❡Q✉❡♥❝✐♥❣ H❡❝❤♥✐Q✉❡K✳ ❆ ❝❤❡❝❦ ❢♦M K❡Q✉❡♥❝❡ ❝♦♥✲
H❛♠✐♥❛H✐♦♥ ✐K ❤✐❣❤❧② ❞❡♠❛♥❞❡❞✳ ❚❤❡ ♣M♦❜❧❡♠ ♦❢ K❡Q✉❡♥❝❡ ❝♦♥H❛♠✐♥❛H✐♦♥ ✐♥ ♣✉❜❧✐K❤❡❞ ❞❛H❛ ✐K ❦♥♦✇♥✱
❜✉H ♦♥❧② ❛❞❞M❡KK❡❞ ✐♥ u❣❡❧❡ ❡H ❛❧✳ ✭❡✳❣✳ ✷✵✵✾✮✳ ❆ ❝❤❡❝❦ ❢♦M ❊❙❚ ❞❛H❛ ❞❡M✐✈❡❞ ❢M♦♠ ✹✺✹ H❡❝❤♥✐Q✉❡K
❝❛♥♥♦H ❜❡ ♠❛♥✉❛❧❧② ❤❛♥❞❧❡❞ ❛♥❞ ❜✐♦✐♥❢♦M♠❛H✐❝❛❧ H♦♦❧K ❛M❡ ♥❡❝❡KK❛M② H♦ ❡①❝❧✉❞❡ ♣♦KK✐❜❧❡ ❝♦♥H❛♠✐♥❛H✐♦♥K✳
▼❡M❤♦❞N ❜❡②♦♥❞ ▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❛♥❞ ❇❛②❡N✐❛♥ ❛♣♣O♦❛❝❤❡N
❘❡❝❡♥H❧②✱ ❈M✐K❝✉♦❧♦ ❡H ❛❧✳ ✭✷✵✵✻✮ ❛♥❞ ❈M✐K❝✉♦❧♦ ❛♥❞ ●❛K❝✉❡❧ ✭✷✵✵✽✮ ♣M♦♣♦K❡❞ ❛ K✉♣❡M❞✐KH❛♥❝❡ HM❡❡ ❛♣✲
♣M♦❛❝❤✱ ✇❤❡M❡ ❛ HM❡❡ ✐K ❣❡♥❡M❛H❡❞ ❢M♦♠ ❛ K✉♣❡M❞✐KH❛♥❝❡ ♠❛HM✐① ❜② ❝♦♠❜✐♥✐♥❣ K✉❜♠❛HM✐❝❡K ✇❤❡M❡ ♠♦KH
H❛①❛ ❛M❡ KH✐❧❧ ♣M❡K❡♥H✳ ❚❤✐K K❡❡♠K ❛♣♣❛M❡♥H❧② ♠♦M❡ ❛❝❝✉M❛H❡ H❤❛♥ M❡❝♦♥KHM✉❝H✐♥❣ HM❡❡K ❢M♦♠ ✉♥M❡❞✉❝❡❞
M❛✇✲♠❛HM✐❝❡K✳ ❙✉❝❤ ❛♥ ❛♣♣M♦❛❝❤ M❡Q✉✐M❡K ❧✐HH❧❡ ❝♦♠♣✉H❛H✐♦♥❛❧ ❡✛♦MH ✇✐H❤♦✉H H❤❡ ♥❡❡❞ ♦❢ ❍ ❝♦♠♣✉H✐♥❣
❆♥♦H❤❡M ❛♣♣M♦❛❝❤ H♦ ✐♥❢❡M ❛ ✏♠❡❣❛✲♣❤②❧♦❣❡♥②✑ ✐K ❜❛K❡❞ ♦♥ ❞❛H❛ ❜❛K❡❞ K❡Q✉❡♥❝❡K ❛K ✇❡❧❧ ❛K H❛①♦♥♦♠✐❝
❤✐❡M❛M❝❤✐❡K ✭❙♠✐H❤ ❡H ❛❧✳✱ ✷✵✵✾✮✳ ❋✉MH❤❡M♠♦M❡✱ ❛❧✐❣♥♠❡♥H ❢M❡❡ ♠❡H❤♦❞K ❛M❡ KH✐❧❧ ♠❛HH❡M ♦❢ ✐♥H❡M❡KH ❢♦M
♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✱ ❛❧H❤♦✉❣❤ H❤✐K ✐❞❡❛ ✐K ♥♦H ♥❡✇ ✭❚❤♦M♥❡ ❛♥❞ ❑✐K❤✐♥♦✱ ✶✾✾✷❀ ✐♥❣❛ ❛♥❞ ❆❧♠❡✐❞❛✱
✷✵✵✸❀ ❍!❤❧ ❛♥❞ ❚❛❣❛♥✱ ✷✵✵✼❀ ❉❛✐ ❡H ❛❧✳✱ ✷✵✵✽❀ ❉❛K❦❛❧❛❦✐K ❛♥❞ ❘♦❝❤✱ ✷✵✶✵✮✳ ❙✐♥❝❡ ♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛
✇✐❧❧ ❤❛✈❡ H❤❡ ♣♦H❡♥H✐❛❧ ♦❢ ♠❡❣❛✲♣❤②❧♦❣❡♥♦♠✐❝ ❞❛H❛ K❡HK✱ ❝♦♥K✐❞❡M❛H✐♦♥K ❛❜♦✉H ❛❧✐❣♥♠❡♥H ❢M❡❡ ♠❡H❤♦❞K
❢♦M ♣❤②❧♦❣❡♥♦♠✐❝K ✭❍✉✐❣✉❛♥❣✱ ✷✵✶✵✮ K❤♦✉❧❞ ❜❡ K❡M✐♦✉K❧② H❛❦❡♥ ✉♣✳ ■♥✈❛M✐❛♥H H❡❝❤♥✐Q✉❡K ❜❡❛M ❛❧H❡M♥❛✲
H✐✈❡ ❛♣♣M♦❛❝❤❡K H♦ ✐♥❢❡M ♣❤②❧♦❣❡♥② ✭❈✐♣M❛✱ ✷✵✵✼❀ ❈❛K❛♥❡❧❧❛K ❛♥❞ ❋❡M♥}♥❞❡③✲❙}♥❝❤❡③✱ ✷✵✵✼❀ ▼❛HK❡♥✱
✷✵✵✾❀ ❈❛K❛♥❡❧❧❛K ❛♥❞ ❋❡M♥}♥❞❡③✲❙}♥❝❤❡③✱ ✷✵✶✵✮ ✐♥❞❡♣❡♥❞❡♥H ❢M♦♠ ❡✳❣✳ ❤❡H❡M♦❣❡♥❡♦✉K ♣M♦❝❡KK❡K ❛♥❞
K❤♦✉❧❞ ❜❡ H❛❦❡♥ ✐♥H♦ ❛❝❝♦✉♥H ✐♥ ❢✉H✉M❡ KH✉❞✐❡K✳
▼❡L❤♦❞♦❧♦❣✐❝❛❧ ❝♦♥N✐❞❡P❛L✐♦♥N P❘◆❆ ❣❡♥❡N
❆♥ ✐♠♣❧❡♠❡♥H❛H✐♦♥ ♦❢ ♠✐①❡❞ ♠♦❞❡❧K ✐♥H♦ ▼▲ HM❡❡✲M❡❝♦♥KHM✉❝H✐♦♥ K♦❢H✇❛M❡ ✐K ❞❡K✐M❛❜❧❡ H♦ ❛❝❝♦✉♥H ❢♦M
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✭✶✽❙✱ ✺✳✽❙✱ ✷✽❙ ❛♥❞ ✺❙✮ ❛♥❞ ♠✐H♦❝❤♦♥❞M✐❛❧ ✭✶✷❙ ❛♥❞ ✶✻❙✮ M❘◆❆ ❣❡♥❡K ♦❢ ❆♣✐K ♠❡❧❧✐❢❡M❛ ✭■♥K❡❝H❛✿
❍②♠❡♥♦♣H❡M❛✮✿ KHM✉❝H✉M❡✱ ♦M❣❛♥✐③❛H✐♦♥✱ ❛♥❞ M❡HM♦HM❛♥K♣♦K❛❜❧❡ ❡❧❡♠❡♥HK✳ ■♥K❡❝H ▼♦❧ ❇✐♦❧ ✶✺✿✻✺✼✕✻✽✻✳
●✐❧❧❡K♣✐❡✱ ❏✳ ❏✳✱ ❏✳ ❇✳ ▼✉♥M♦✱ ❏✳ ▼✳ ❍❡M❛H②✱ ▼✳ ❏✳ ♦❞❡M✱ ❆✳ ❑✳ ❖✇❡♥✱ ❛♥❞ ❆✳ ❊✳ ❈❛M♠✐❝❤❛❡❧✳ ✷✵✵✺❜✳
❆ K❡❝♦♥❞❛M② KHM✉❝H✉M❛❧ ♠♦❞❡❧ ♦❢ H❤❡ ✷✽❙ M❘◆❆ ❡①♣❛♥K✐♦♥ K❡❣♠❡♥HK ❉✷ ❛♥❞ ❉✸ ❢♦M ❝❤❛❧❝✐❞♦✐❞ ✇❛K♣K
✭❍②♠❡♥♦♣H❡M❛✿ ❈❤❛❧❝✐❞♦✐❞❡❛✮✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✷✷✿✶✺✾✸✕✶✻✵✽✳
●✐M✐❜❡H✱ ●✳ ✷✵✵✸✳ ▼♦❧❡❝✉❧❡K✱ ❞❡✈❡❧♦♣♠❡♥H ❛♥❞ ❢♦KK✐❧K ✐♥ H❤❡ KH✉❞② ♦❢ ♠❡H❛③♦❛♥ ❡✈♦❧✉H✐♦♥❀ ❆MH✐❝✉❧❛H❛
✈❡MK✉K ❊❝❞②K♦③♦❛ M❡✈✐K✐H❡❞✳ ♦♦❧♦❣② ✭❏❡♥❛✮ ✶✵✻✿✸✵✸✕✸✷✻✳
●✐M✐❜❡H✱ ●✳✱ ❙✳ ❈❛MM❛♥③❛✱ ❏✳ ❇❛❣✉)✱ ▼✳ ❘✐✉H♦MH✱ ❛♥❞ ❈✳ ❘✐❜❡M❛✳ ✶✾✾✻✳ ❋✐MKH ♠♦❧❡❝✉❧❛M ❡✈✐❞❡♥❝❡ ❢♦M H❤❡
❡①✐KH❡♥❝❡ ♦❢ ❛ ❚❛M❞✐❣M❛❞❛ ✰ ❆MH❤M♦♣♦❞❛ ❝❧❛❞❡✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✶✸✿✼✻✕✽✹✳
●✐M✐❜❡H✱ ●✳✱ ●✳ ❉✳ ❊❞❣❡❝♦♠❜❡✱ ❏✳ ▼✳ ❈❛M♣❡♥H❡M✱ ❈✳ ❆✳ ❉✬❍❛❡K❡✱ ❛♥❞ ✳ ❈✳ ❤❡❡❧❡M✳ ✷✵✵✹✳ ■K ❊❧❧✐♣✉M❛
♠♦♥♦♣❤②❧❡H✐❝❄ ❆ ❝♦♠❜✐♥❡❞ ❛♥❛❧②K✐K ♦❢ ❜❛K❛❧ ❤❡①❛♣♦❞ M❡❧❛H✐♦♥K❤✐♣K ✇✐H❤ ❡♠♣❤❛K✐K ♦♥ H❤❡ ♦M✐❣✐♥ ♦❢
✐♥K❡❝HK✳ ❖M❣ ❉✐✈❡MK ❊✈♦❧ ✹✿✸✶✾✕✸✹✵✳
●✐M✐❜❡H✱ ●✳✱ ●✳ ❉✳ ❊❞❣❡❝♦♠❜❡✱ ❛♥❞ ✳ ❈✳ ❤❡❡❧❡M✳ ✷✵✵✶✳ ❆MH❤M♦♣♦❞ ♣❤②❧♦❣❡♥② ❜❛K❡❞ ♦♥ ❡✐❣❤H ♠♦❧❡❝✉❧❛M
❧♦❝✐ ❛♥❞ ♠♦M♣❤♦❧♦❣②✳ ◆❛H✉M❡ ✹✶✸✿✶✺✼✕✶✻✶✳
●✐M✐❜❡H✱ ●✳ ❛♥❞ ❈✳ ❘✐❜❡M❛✳ ✷✵✵✵✳ ❆ M❡✈✐❡✇ ♦❢ ❛MH❤M♦♣♦❞ ♣❤②❧♦❣❡♥②✿ ◆❡✇ ❞❛H❛ ❜❛K❡❞ ♦♥ M✐❜♦K♦♠❛❧ ❉◆❆
K❡Q✉❡♥❝❡K ❛♥❞ ❞✐M❡❝H ❝❤❛M❛❝H❡M ♦♣H✐♠✐③❛H✐♦♥✳ ❈❧❛❞✐KH✐❝K ✶✻✿✷✵✹✕✷✸✶✳
●✐M✐❜❡H✱ ●✳✱ ❙✳ ❘✐❝❤H❡M✱ ●✳ ❉✳ ❊❞❣❡❝♦♠❜❡✱ ❛♥❞ ✳ ❈✳ ❤❡❡❧❡M✳ ✷✵✵✺✳ ❚❤❡ ♣♦K✐H✐♦♥ ♦❢ ❝M✉KH❛❝❡❛♥K ✇✐H❤✐♥
H❤❡ ❆MH❤M♦♣♦❞❛ ✲ ❡✈✐❞❡♥❝❡ ❢M♦♠ ♥✐♥❡ ♠♦❧❡❝✉❧❛M ❧♦❝✐ ❛♥❞ ♠♦M♣❤♦❧♦❣②✳ ❛❣❡K ✸✵✼✕✸✺✷ ✐♥ ❈M✉KH❛❝❡❛♥
❛♥❞ ❆MH❤M♦♣♦❞ ❘❡❧❛H✐♦♥K❤✐♣K ✭❙✳ ❑♦❡♥❡♠❛♥♥ ❛♥❞ ❘✳ ❆✳ ❏❡♥♥❡M✱ ❡❞K✳✮ ✈♦❧✳ ✶✻ ♦❢ ❈O✉NM❛❝❡❛♥ ■NN✉❡N✳
❈❘❈ M❡KK✱ ❇♦❝❛ ❘❛H♦♥✳
✶✷✹ ❘❡❢❡M❡♥❝❡K
●❧❡♥♥❡M✱ ❍✳✱ ✳ ❋✳ ❚❤♦♠K❡♥✱ ▼✳ ❇✳ ❍❡❜K❣❛❛M❞✱ ▼✳ ✳ ❙M❡♥K❡♥✱ ❛♥❞ ❊✳ ✐❧❧❡MK❧❡✈✳ ✷✵✵✻✳ ❊✈♦❧✉H✐♦♥✿ ❚❤❡
♦M✐❣✐♥ ♦❢ ✐♥K❡❝HK✳ ❙❝✐❡♥❝❡ ✸✶✹✿✶✽✽✸✕✶✽✽✹✳
●♦✇M✐✲❙❤❛♥❦❛M✱ ✳ ❛♥❞ ❍✳ ❏♦✇✳ ✷✵✵✻✳ ^❍❆❙❊ ✿ ❛ K♦❢H✇❛M❡ ♣❛❝❦❛❣❡ ❢♦M ^❤②❧♦❣❡♥❡H✐❝K ❆♥❞ ❙❡Q✉❡♥❝❡
❊✈♦❧✉H✐♦♥✳ ♥✐✈❡MK✐H② ♦❢ ▼❛♥❝❤❡KH❡M ✷✳✵ ❡❞✳
●♦✇M✐✲❙❤❛♥❦❛M✱ ✳ ❛♥❞ ▼✳ ❘❛HHM❛②✳ ✷✵✵✻✳ ❖♥ H❤❡ ❝♦MM❡❧❛H✐♦♥ ❜❡H✇❡❡♥ ❝♦♠♣♦K✐H✐♦♥ ❛♥❞ K✐H❡✲K♣❡❝✐✜❝
❡✈♦❧✉H✐♦♥❛M② M❛H❡✿ ■♠♣❧✐❝❛H✐♦♥K ❢♦M ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✷✸✿✸✺✷✕✸✻✹✳
●♦✇M✐✲❙❤❛♥❦❛M✱ ✳ ❛♥❞ ▼✳ ❘❛HHM❛②✳ ✷✵✵✼✳ ❆ M❡✈❡MK✐❜❧❡ ❥✉♠♣ ♠❡H❤♦❞ ❢♦M ❜❛②❡K✐❛♥ ♣❤②❧♦❣❡♥❡H✐❝ ✐♥❢❡M❡♥❝❡
✇✐H❤ ❛ ♥♦♥❤♦♠♦❣❡♥❡♦✉K K✉❜KH✐H✉H✐♦♥ ♠♦❞❡❧✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✷✹✿✶✷✽✻✕✶✷✾✾✳
●M❡❡♥✱ ✳ ✶✾✾✻✳ ❈M♦KK♠❛H❝❤✳ ♥✐✈❡MK✐H② ♦❢ ▼♦♥HM❡❛❧ ❛✈❛✐❧❛❜❧❡ ❢M♦♠ ❤@@♣✿✴✴✇✇✇✳✐♥❝♦❣❡♥✳❝♦♠✴♣✉❜❧✐❝
❞♦❝✉♠❡♥@B✴✈✐❜❡✴❞❡@❛✐❧B✴❝D♦BB♠❛@❝❤✳❤@♠❧ ❡❞✳
●M✐❡✈✐♥❦✱ ▲✳ ❙✳✱ ❉✳ ❡♥♥②✱ ▼✳ ❉✳ ❍❡♥❞②✱ ❛♥❞ ❇✳ ❘✳ ❍♦❧❧❛♥❞✳ ✷✵✶✵✳ ❤②❧♦❣❡♥❡H✐❝ HM❡❡ M❡❝♦♥KHM✉❝H✐♦♥
❛❝❝✉M❛❝② ❛♥❞ ♠♦❞❡❧ ✜H ✇❤❡♥ ♣M♦♣♦MH✐♦♥K ♦❢ ✈❛M✐❛❜❧❡ K✐H❡K ❝❤❛♥❣❡ ❛❝M♦KK H❤❡ HM❡❡✳ ❙②KH ❇✐♦❧ ✺✾✿✷✽✽✕
✷✾✼✳
●M✐♠❛❧❞✐✱ ❉✳ ❛♥❞ ▼✳ ❙✳ ❊♥❣❡❧✳ ✷✵✵✺✳ ❊✈♦❧✉H✐♦♥ ♦❢ ■♥K❡❝HK✳ ❈❛♠❜M✐❞❣❡ ♥✐✈❡MK✐H② M❡KK✱ ❈❛♠❜M✐❞❣❡✱ ❑✳
●M✐♠❛❧❞✐✱ ❉✳ ❆✳ ✷✵✶✵✳ ✹✵✵ ♠✐❧❧✐♦♥ ②❡❛MK ♦♥ K✐① ❧❡❣K✿ ❖♥ H❤❡ ♦M✐❣✐♥ ❛♥❞ ❡❛M❧② ❡✈♦❧✉H✐♦♥ ♦❢ ❍❡①❛♣♦❞❛✳
❆MH❤M♦♣♦❞ ❙HM✉❝H ❉❡✈ ✸✾✿✶✾✶✕✷✵✸✳
●Mm♥❡✇❛❧❞✱ ❙✳✱ ❑✳ ❋♦MK❧✉♥❞✱ ❆✳ ❉M❡KK✱ ❛♥❞ ✳ ▼♦✉❧H♦♥✳ ✷✵✵✼✳ ◗◆❡H✿ ❆♥ ❛❣❣❧♦♠❡M❛H✐✈❡ ♠❡H❤♦❞ ❢♦M H❤❡
❝♦♥KHM✉❝H✐♦♥ ♦❢ ♣❤②❧♦❣❡♥❡H✐❝ ♥❡H✇♦M❦K ❢M♦♠ ✇❡✐❣❤H❡❞ Q✉❛MH❡HK✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✷✹✿✺✸✷✕✺✸✽✳
●✉H❡❧❧✱ ❏✳ ❈✳✱ ❘♦❜✐♥ ❘ ✳❛♥❞ ▲❡❡ ❛♥❞ ❏✳ ❏✳ ❈❛♥♥♦♥❡✳ ✷✵✵✷✳ ❚❤❡ ❛❝❝✉M❛❝② ♦❢ M✐❜♦K♦♠❛❧ ❘◆❆ ❝♦♠♣❛M❛H✐✈❡
KHM✉❝H✉M❡ ♠♦❞❡❧K✳ ❈✉MM ❖♣✐♥ ❙HM✉❝H ❇✐♦❧ ✶✷✿✸✵✶✕✸✶✵✳
❍❛❧❧✱ ❚✳ ❆✳ ✶✾✾✾✳ ❇✐♦❊❞✐H✿ ❛ ✉K❡M✲❢M✐❡♥❞❧② ❜✐♦❧♦❣✐❝❛❧ ❛❧✐❣♥♠❡♥H K❡Q✉❡♥❝❡ ❊❉■❚❖❘ ❛♥❞ ❛♥❛❧②K✐K ♣M♦❣M❛♠
❢♦M ✐♥❞♦✇K✾✺✴✾✽✴◆❚✳ ◆✉❝❧❡✐❝ ❆❝✐❞K ❙②♠♣ ❙❡M ✹✶✿✾✺✕✾✽✳
❍❛♥❝♦❝❦✱ ❏✳ ▼✳✱ ❉✳ ❚❛✉H③✱ ❛♥❞ ●✳ ❆✳ ❉♦✈❡M✳ ✶✾✽✽✳ ❊✈♦❧✉H✐♦♥ ♦❢ H❤❡ K❡❝♦♥❞❛M② KHM✉❝H✉M❡K ❛♥❞ ❝♦♠♣❡♥✲
K❛H♦M② ♠✉H❛H✐♦♥K ♦❢ H❤❡ M✐❜♦K♦♠❛❧ ❘◆❆K ♦❢ ❉O♦N♦♣❤✐❧❛ ♠❡❧❛♥♦❣❛NM❡O ✳ ▼♦❧ ❇✐♦❧ ❊✈♦❧ ✺✿✸✾✸✕✹✶✹✳
❍❛MH♠❛♥♥✱ ❙✳ ❛♥❞ ❚✳ ❏✳ ✐K✐♦♥✳ ✷✵✵✽✳ K✐♥❣ ❊❙❚K ❢♦M ♣❤②❧♦❣❡♥♦♠✐❝K✿ ❈❛♥ ♦♥❡ ❛❝❝✉M❛H❡❧② ✐♥❢❡M ❛ ♣❤②❧♦✲
❣❡♥❡H✐❝ HM❡❡ ❢M♦♠ ❛ ❣❛♣♣② ❛❧✐❣♥♠❡♥H❄ ❇▼❈ ❊✈♦❧ ❇✐♦❧ ✽✿✾✺✿❙✶✸✳
❍❛M③K❝❤✱ ❙✳ ✷✵✵✻✳ ◆❡✉M♦♣❤②❧♦❣❡♥②✿ ❆M❝❤✐H❡❝H✉M❡ ♦❢ H❤❡ ♥❡M✈♦✉K K②KH❡♠ ❛♥❞ ❛ ❢M❡K❤ ✈✐❡✇ ♦♥ ❛MH❤M♦♣♦❞
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❦♦♠♠❡♥ ♥♦❝❤ ❡✐♥✐❣❡✮❀ ❛♥ ❆❧❡①✐ ❙H❛♠❛H❛❦✐K ❢mM ❛❧❧❡ ❘❆①▼▲✲ ✉♥❞ K♦♥KH✐❣❡♥ ❚✐♣K❀ ❛♥ ❑❛HM✐♥ ▲❛♥❣❡♥ ✫
✶✹✷ ❈❤❛♣H❡M ✺✳ ❆❝❦♥♦✇❧❡❞❣❡♠❡♥HK
❏♦♥❛K ❆KHM✐♥ ❢mM✬K ❑♦MM❡❦H✉M❧❡K❡♥ ✉♥❞ ❛♥ ❚❤♦♠❛K ❙H❛♠♠ ✫ ❍✉❜❡MH✉K ❇❡❝❦❡M ❢mM ❞✐❡ ▲❆❚❊ ♥H❡M✲
KHmH③✉♥❣✳ ❊✐♥ K♣❡③✐❡❧❧❡K ❉❛♥❦❡K❝❤!♥ ❛♥ ❞✐❡ ❑♦MM❡❦H✉M❢❡❡ ❇✐MH❤❡ ❚❤♦M♠❛♥♥ ❢mM ❞❛K ❋✐♥❞❡♥ ❥❡❣❧✐❝❤❡M
❋❡❤❧❡M✱ ❞✐❡ ❛♥❞❡M❡ m❜❡MK❡❤❡♥ ❤❛❜❡♥✳
❉❡M ▲♦H✉K❜❧✉♠❡ ❇❡♥❥❛♠✐♥ ▼❡②❡M ♠!❝❤H❡ ✐❝❤ ✐♥K❜❡K♦♥❞❡M❡ ❢mM ❞✐❡ ❣M♦ß❛MH✐❣❡ ✭❈❧✐Q✉❡♥✕✱ ▼❛HM✐①✕
✫ K♦♥KH✐❣❡✮ ✉K❛♠♠❡♥❛M❜❡✐H ✐♥ ❞❡♥ ❧❡H③H❡♥ ③✇❡✐ ❏❛❤M❡♥ ❞❛♥❦❡♥✱ ❡❜❡♥K♦ ❢mM ❞✐❡ ❊✐♥❢m❤M✉♥❣ ✐♥K ❍❛♠✲
❜✉M❣❡M ◆❛❝❤H❧❡❜❡♥✳ ✐❡❧ ●❧m❝❦ ❜❡✐ ❞❡M ❆♥❣KH❢♦MK❝❤✉♥❣❀ ✐❝❤ ❤♦✛❡ ♥♦❝❤ ❛✉❢ ✈✐❡❧❡ ✇❡✐H❡M❡ ❣❡♠❡✐♥K❛♠❡
❈❧✐Q✉❡♥✦ ❏❛♥✉K ❇♦M♥❡M ✉♥❞ ❘❛❧♣❤ ❡H❡MK ❞❛♥❦❡ ✐❝❤ ❢mM ❞❡♥ ❢❛❝❤❧✐❝❤❡♥ ❆✉KH❛✉K❝❤ ✉♥❞ ❞❛K ❣❡K❡❧❧✐❣❡
✉K❛♠♠❡♥K❡✐♥ ❞❡M K❡❤M ❛♥❣❡♥❡❤♠❡♥ ❍❛♠❜✉M❣✲❆✉❢❡♥H❤❛❧H❡✦
❚❤♦♠❛K ❙H❛♠♠ ❣✐❧H ♠❡✐♥ ❜❡K♦♥❞❡M❡M ❉❛♥❦ ❢mM ❘m❝❦❤❛❧H ✐♥ ❥❡❞❡♠ ●❡♠mHK③✉KH❛♥❞✳
❙❝❤❧✉KK❡♥❞❧✐❝❤ ❜❡❞❛♥❦❡ ✐❝❤ ♠✐❝❤ ✈♦♥ ❍❡M③❡♥ ❜❡✐ ♠❡✐♥❡♠ ❊❧H❡M♥ ❢mM ❞✐❡ ♥H❡MKHmH③✉♥❣ ✉♥❞ ❋!M❞❡M✉♥❣
♠❡✐♥❡M ✇✐KK❡♥K❝❤❛❢H❧✐❝❤❡M ❇❡❣❡✐KH❡M✉♥❣✱ ✉♥❞ ❜❡K♦♥❞❡MK ♠❡✐♥❡M ▼✉HH❡M ✉♥❞ ❙❝❤✇❡KH❡M ❢mM ❘m❝❦K✐❝❤H
✉♥❞ ❡MKHu♥❞♥✐K ✐♠ ✈❡M❣❛♥❣❡♥❡♥ ❏❛❤M✳ ▼❡✐♥❡♥ ❑❛H❡M♥ ❞❛♥❦❡ ✐❝❤ ❢mM ❞❛K ♠♦M❣❡♥❞❧✐❝❤❡ ❡❝❦❡♥ ✉♥❞
❞❛K ❜❡M✉❤✐❣❡♥❞❡ ❙❝❤♥✉MM❡♥✳ ❙♦❧❧H❡ ✐❝❤ ❥❡♠❛♥❞❡♥ ✈❡M❣❡KK❡♥ ❤❛❜❡♥✱ ❜✐HH❡ ✐❝❤ ❤✐❡M♠✐H ✉♠ ◆❛❝❤K✐❝❤H✳
❆✳ ❙✉♣♣❧❡♠❡♥=❛A② ■♥❢♦A♠❛=✐♦♥
❆✳✶✳ ❆@<❤@♦♣♦❞ 6❤②❧♦❣❡♥♦♠✐❝>
❙♦♠❡ ❋✐❣✉B❡A ❛♥❞ ❚❛❜❧❡A ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐A❤❡❞ ✐♥ ▼❡✉A❡♠❛♥♥ ❡? ❛❧✳ ✭✷✵✶✵✮✳











































5' EST sequence 3' EST sequence
3'
5'
❋✐❣✉M❡ ❆✳✶✳✿ ●❡♥❡A❛>✐♥❣ ❊❙❚@✿ ❝❧♦♥✐♥❣ ❛♥❞ @❡B✉❡♥❝✐♥❣ ♠♦❞✐✜❡❞ ❛❢>❡A ❇♦✉❝❦ ❛♥❞ ✐@✐♦♥ ✭✷✵✵✼✮✳ eA♦>❡✐♥ ❝♦❞✐♥❣
❉◆❆ A❡❣✐♦♥@ ✭❡①♦♥@✮ ♦❢ ❛ ❉◆❆ @>A❛♥❞ ❛A❡ @♣❧✐❝❡❞ ❛♥❞ >A❛♥@❝A✐❜❡❞ >♦ ♠❘◆❆✳ ❚❤❡ ♠❘◆❆ ✐@ ♠♦@>❧②
❝❤❛A❛❝>❡A✐③❡❞ ❜② ❛ ♣♦❧②✲❆ >❛✐❧ ❛♥❞ ❛ ✺✬✲❡♥❞ ❝❛♣ ✇✐>❤ ❛ ♠♦❞✐✜❡❞ ❣✉❛♥✐♥❡ ♥✉❝❧❡♦>✐❞❡✳ ❆❢>❡A ✐@♦❧❛>✐♦♥ ♦❢
>♦>❛❧ ❘◆❆ ✭✐♥❝❧✉❞✐♥❣ ♠❘◆❆✮✱ >❤❡ ♣♦❧②✲❆ >❛✐❧ ✐@ >❛A❣❡>❡❞ ❢♦A ❛ ❘❡✈❡A@❡ ❚A❛♥@❝A✐♣>❛@❡ e❈❘✳ ❆ ❝❉◆❆ @>A❛♥❞
❢A♦♠ >❤❡ ♠❘◆❆ >❡♠♣❧❛>❡ ✐@ @②>❤❡@✐③❡❞✳ ♠❘◆❆ ✐@ ❞✐❣❡@>❡❞ ❜② ❛❞❞✐♥❣ ❘◆❛@❡ ❍✳ ❚❤❡♥✱ ❉◆❆ e♦❧②♠❡A❛@❡ ✶
@②♥>❤❡@✐③❡@ ❛ @❡❝♦♥❞ @>A❛♥❞✱ A❡@✉❧>✐♥❣ ✐♥ ❛ ❞♦✉❜❧❡ @>A❛♥❞❡❞ ❝❉◆❆✳ ❚❤❡ ❞♦✉❜❧❡ @>A❛♥❞❡❞ ❝❉◆❆ ✐@ ✐♥@❡A>❡❞
✐♥>♦ ❝❧♦♥✐♥❣ ✈❡❝>♦A@✳ ❡❝>♦A@ ❛A❡ @✉❜@❡B✉❡♥>❧② ✐♥@❡A>❡❞ ✐♥>♦ ❝♦♠♣❡>❡♥> ❝❡❧❧@ ❢♦A >❤❡ ❣❡♥❡A❛>✐♦♥ ♦❢ ❛ ❝❉◆❆
❧✐❜A❛A②✳ ❋A♦♠ >❤✐@ ❧✐❜A❛A②✱ ❊①♣A❡@@❡❞ ❙❡B✉❡♥❝❡ ❚❛❣@ ✭❊❙❚✮ @❡B✉❡♥❝❡@ ❝❛♥ ❜❡ ❣❡♥❡A❛>❡❞ ✐♥ ✺✬ ♦A ✸✬ ❡♥❞
❞✐A❡❝>✐♦♥✳
✶✹✻ ❆♣♣❡♥❞✐① ❆✳ ❙✉♣♣❧❡♠❡♥H❛M② ■♥❢♦M♠❛H✐♦♥
❚❛❜❧❡ ❆✳✶✳✿ ◆❡✇ ❊❙❚ ❞❛H❛ ✉K❡❞ ✐♥ H❤✐K KH✉❞②✳ ❆❝❝❡KK✐♦♥ ♥♦✳✿ ❆❝❝❡KK✐♦♥ ♥✉♠❜❡MK❀ ◆♦✳ ♦❢ ❊❙❚
M❛✇❞❛H❛✿ ♥✉♠❜❡M ♦❢ ❊❙❚ M❡❛❞K ❜❡❢♦M❡ ♣M♦❝❡KK✐♥❣✳ M♦❝✳ ❊❙❚ K❡Q✉❡♥❝❡K✿ ♥✉♠❜❡M ♦❢
❊❙❚K ❛❢H❡M ♣M♦❝❡KK✐♥❣❀ ◆♦✳ ♦❢ ❊❙❚ ❝♦♥H✐❣K✿ ♥✉♠❜❡M ♦❢ ❊❙❚ ❝♦♥H✐❣K ❛❢H❡M ❛KK❡♠❜❧✐♥❣ ♦❢
♣M♦❝❡KK❡❞ M❡❛❞K ✐♥H♦ ❝❧✉KH❡MK ✭❝♦♥H✐❣K✮✳ ❊❙❚ ❞❛H❛ ❡①❝❡♣H ❢♦M ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K ✇❡M❡
❦✐♥❞❧② ♣M♦✈✐❞❡❞ ❜② ❝♦♦♣❡M❛H✐♦♥ ♣❛MH♥❡MK ❢M♦♠ H❤❡ ♣M✐♦M✐H② ♣M♦❣M❛♠♠❡ ❙ ✶✶✼✹✳ ❘◆❆
❡①HM❛❝H✐♦♥ ✇✐H❤ M❡❛✲♣❤❡♥♦❧ ❝♦♥❞✉❝H❡❞ ❛❢H❡M ❍♦❧♠❡K ❛♥❞ ❇♦♥♥❡M ✭✶✾✼✸✮✳ ❘◆❆ ❡①HM❛❝H✐♦♥
❢♦M ❝M✉KH❛❝❡❛♥K ❛♥❞ ❛♣H❡M②❣♦H❡ ❤❡①❛♣♦❞K ✇❛K ❝♦♥❞✉❝H❡❞ ❛H H❤❡ ▼■ ❢♦M ●❡♥❡H✐❝K ✭❇❡M❧✐♥✱
●❡M♠❛♥②✮ ❛K ✇❡❧❧ ❛K ❣❡♥❡M❛H✐♦♥ ♦❢ ❛❧❧ ❝❉◆❆ ❧✐❜M❛M✐❡K✱ ♥♦M♠❛❧✐③❛H✐♦♥ ❛♥❞ K❡Q✉❡♥❝✐♥❣✳ ❖✇♥
❞❛H❛ ❛M❡ ♠❛M❦❡❞ ✐♥ ❜❧✉❡✳
❘◆❆ ❝❉◆❆ ❧✐❜7❛7② ◆♦✳ ♦❢ ❊❙❚ 07♦❝✳ ❊❙❚ ◆♦✳ ♦❢ ❊❙❚
❙♣❡❝✐❡5 ●7♦✉♣ ❆❝❝❡55✐♦♥ ♥♦✳ ❡①47❛❝4✐♦♥ ❝♦♥547✉❝4✐♦♥ 7❛✇❞❛4❛ 5❡9✉❡♥❝❡5 ❝♦♥4✐❣5
.❡7✐♣❛3♦♣5✐5 5❡❞❣✇✐❝❦✐ ❖◆ ❋◆✷✸✷✼✻✻✲❋◆✷✹✸✷✹✶ I❡❛✲♣❤❡♥♦❧ ❈❧♦♥❡▼✐♥❡I ✶✵✱✻✶✶ ✶✵✱✹✼✻ ✸✱✹✺✷
❊♥❞❡✐5 5♣✐♥♦5❛ ❈❍✱ X②❝♥♦❣♦♥✐❞❛ ❋◆✷✶✶✷✼✽✲❋◆✷✶✺✸✸✾ I❡❛✲♣❤❡♥♦❧ ❈❧♦♥❡▼✐♥❡I ✹✱✵✻✸ ✹✱✵✻✷ ✷✱✻✼✷
▲✐♠✉❧✉5 ♣♦❧②♣❤❡♠✉5 ❈❍✱ ✐♣❤♦G✉I❛ ❋◆✷✷✹✹✶✶✲❋◆✷✸✷✼✻✺ I❡❛✲♣❤❡♥♦❧ ❈I❡❛E♦I ❙▼❆❘❚ ✽✱✹✸✺ ✽✱✸✺✺ ✹✱✵✺✵
❆7❝❤✐5♣✐7♦537❡♣3✉5 ❣✐❣❛5 ▼✱ ❉✐♣❧♦♣♦❞❛ ❋◆✶✾✹✽✷✵✲❋◆✶✾✽✽✷✼ I❡❛✲♣❤❡♥♦❧ ❈I❡❛E♦I ❙▼❆❘❚ ✹✱✵✸✷ ✹✱✵✵✽ ✷✱✷✾✾
.♦❧❧✐❝✐♣❡5 ♣♦❧❧✐❝✐♣❡5 ❈❘✱ ❈✐II✐♣❡❞✐❛ ❋◆✷✹✸✷✹✷✲❋◆✷✹✼✹✸✷ ❆❜G♦❧✉E❡❧② ❘◆❆ ❈❧♦♥❡▼✐♥❡I ✹✱✷✷✹ ✹✱✶✾✶ ✶✱✼✷✶
✭❙EI❛E❡❣❡♥❡✮
❚✐❣7✐♦♣✉5 ❝❛❧✐❢♦7♥✐❝✉5 ❈❘✱ ❈♦♣❡♣♦❞❛ ❋◆✷✹✼✹✸✸✲❋◆✷✺✷✶✽✸ ❚I✐③♦❧ ❈I❡❛E♦I ❙▼❆❘❚ ✺✱✵✷✹ ✺✱✵✵✻ ✷✱✺✾✽
✭■♥✈✐EI♦❣❡♥✮
❚7✐♦♣5 ❝❛♥❝7✐❢♦7♠✐5 ❈❘✱ ❇I❛♥❝❤✐♦♣♦❞❛ ❋▼✽✻✽✸✹✹✲❋▼✽✼✷✷✼✹ ❚I✐③♦❧ ❈I❡❛E♦I ❙▼❆❘❚ ✸✱✾✽✶ ✸✱✾✸✵ ✷✱✺✹✷
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Hypsibius dujardini # Panarthropoda, Tardigrada dbEST 2,386 140 81
Richtersius coronifer # Panarthropoda, Tardigrada NCBI Trace Archive 1,537 99 52
Epiperipatus sp. TB-2001 Panarthropoda, Onychophora dbEST 825 49
Peripatopsis sedgwicki # Panarthropoda, Onychophora present study 3,452 142 72
Euperipatoides kanangrensis # Panarthropoda, Onychophora NCBI Trace Archive 1,449 110 53
Julida sp. APV-2005 Euarthropoda, Myriapoda dbEST 231 13
Archispirostreptus gigas # Euarthropoda, Myriapoda present study 2,299 117 58
Scutigera coleoptrata # Euarthropoda, Myriapoda NCBI Trace Archive 807 54 35
Anoplodactylus eroticus # Euarthropoda, Chelicerata NCBI Trace Archive 1,281 91 55
Endeis spinosa # Euarthropoda, Chelicerata present study 2,672 174 69
Limulus polyphemus # Euarthropoda, Chelicerata present study 4,050 210 89
Carcinoscorpius rotundicauda Euarthropoda, Chelicerata dbEST 512 21
Mesobuthus gibbosus Euarthropoda, Chelicerata dbEST 587 38
Loxosceles laeta Euarthropoda, Chelicerata dbEST 1,209 66
Dysdera erythrina Euarthropoda, Chelicerata dbEST 279 22
Cupiennius salei Euarthropoda, Chelicerata dbEST 208 30
Araneus ventricosus Euarthropoda, Chelicerata dbEST 204 11
Acanthoscurria gomesiana # Euarthropoda, Chelicerata dbEST 3,713 234 90
Chilobrachys jingzhao Euarthropoda, Chelicerata dbEST 230 22
Ixodes scapularis # Euarthropoda, Chelicerata genidx 38,275 578 128
Ixodes ricinus Euarthropoda, Chelicerata dbEST 1,300 53
Amblyomma variegatum # Euarthropoda, Chelicerata genidx 2,109 162 62
Amblyomma americanum# Euarthropoda, Chelicerata dbEST 2,798 88 44
Amblyomma cajennense Euarthropoda, Chelicerata dbEST 1,165 71
Dermacentor andersoni # Euarthropoda, Chelicerata dbEST 752 63 38
Dermacentor variabilis Euarthropoda, Chelicerata dbEST 1,075 49
Boophilus microplus # Euarthropoda, Chelicerata dbEST 14,507 425 112
Rhipicephalus appendiculatus # Euarthropoda, Chelicerata genidx 7,359 321 92
Argas monolakensis Euarthropoda, Chelicerata dbEST 1,620 51
Ornithodoros porcinus porcinus Euarthropoda, Chelicerata dbEST 771 29
Ornithodoros parkeri Euarthropoda, Chelicerata dbEST 689 37
Ornithodoros coriaceus Euarthropoda, Chelicerata dbEST 702 19
Glycyphagus domesticus # Euarthropoda, Chelicerata dbEST 2,511 97 56









Blomia tropicalis # Euarthropoda, Chelicerata dbEST 1,331 80 37
Psoroptes ovis Euarthropoda, Chelicerata dbEST 281 18
Sarcoptes scabiei Euarthropoda, Chelicerata dbEST 817 38
Dermatophagoides pteronyssinus Euarthropoda, Chelicerata dbEST 1,258 67
Dermatophagoides farinae Euarthropoda, Chelicerata dbEST 1,046 59
Suidasia medanensis # Euarthropoda, Chelicerata dbEST 2,083 139 73
Tyrophagus putrescentiae Euarthropoda, Chelicerata dbEST 881 46
Acarus siro Euarthropoda, Chelicerata dbEST 652 57
Aleuroglyphus ovatus Euarthropoda, Chelicerata dbEST 1,440 58
Gammarus pulex # Euarthropoda, Crustacea dbEST 4,241 102 63
Eurydice pulchra Euarthropoda, Crustacea dbEST 562 26
Euphausia superba Euarthropoda, Crustacea dbEST 1,101 43
Homarus americanus # Euarthropoda, Crustacea dbEST 14,147 383 111
Pacifastacus leniusculus Euarthropoda, Crustacea dbEST 175 14
Petrolisthes cinctipes # Euarthropoda, Crustacea dbEST 27,086 416 119
Callinectes sapidus # Euarthropoda, Crustacea dbEST 2,239 114 56
Carcinus maenas # Euarthropoda, Crustacea dbEST 4,567 233 76
Cancer magister Euarthropoda, Crustacea dbEST 445 14
Celuca pugilator Euarthropoda, Crustacea dbEST 1,482 64
Gecarcoidea natalis Euarthropoda, Crustacea dbEST 656 23
Ilyoplax pusilla Euarthropoda, Crustacea dbEST 251 2
Eriocheir sinensis Euarthropoda, Crustacea dbEST 1,136 58
Marsupenaeus japonicus # Euarthropoda, Crustacea dbEST 1,944 61 46
Fenneropenaeus chinensis # Euarthropoda, Crustacea dbEST 3,458 114 74
Penaeus monodon # Euarthropoda, Crustacea dbEST 4,097 129 81
Litopenaeus vannamei # Euarthropoda, Crustacea dbEST 3,774 126 75
Litopenaeus stylirostris Euarthropoda, Crustacea dbEST 314 12
Litopenaeus setiferus Euarthropoda, Crustacea dbEST 642 50
Tigriopus californicus # Euarthropoda, Crustacea present study 2,598 65 39
Calanus finmarchicus # Euarthropoda, Crustacea dbEST 4,906 189 49
Lepeophtheirus salmonis # Euarthropoda, Crustacea dbEST 5,102 339 98
Pollicipes pollicipes # Euarthropoda, Crustacea present study 1,721 107 59
Artemia franciscana # Euarthropoda, Crustacea dbEST 10,330 323 116
Triops cancriformis # Euarthropoda, Crustacea present study 2,542 115 54
Daphnia magna # Euarthropoda, Crustacea dbEST 5,307 207 85
DAPHNIA PULEX #, § Euarthropoda, Crustacea JGI 30,939 775 129
Acerentomon franzi # Euarthropoda, Hexapoda present study 1,995 99 52
Campodea cf. fragilis # Euarthropoda, Hexapoda present study 6,407 150 68
Folsomia candida # Euarthropoda, Hexapoda dbEST 5,955 143 41
Anurida maritima # Euarthropoda, Hexapoda present study 3,504 131 53
Onychiurus arcticus # Euarthropoda, Hexapoda dbEST 9,981 309 89
Lepismachilis y-signata # Euarthropoda, Hexapoda present study 2,288 123 66
Tricholepisma aurea Euarthropoda, Hexapoda dbEST 344 34
Ischnura elegans # Euarthropoda, Hexapoda Simon et al. 2009 3,194 177 66
Baetis sp.# Euarthropoda, Hexapoda Simon et al. 2009 3,035 144 49
Locusta migratoria # Euarthropoda, Hexapoda dbEST 12,255 303 107
Allonemobius fasciatus Euarthropoda, Hexapoda dbEST 116 10
Laupala kohalensis # Euarthropoda, Hexapoda dbEST 8,371 292 90
Gryllus bimaculatus # Euarthropoda, Hexapoda dbEST 3,945 238 93
Gryllus pennsylvanicus Euarthropoda, Hexapoda dbEST 338 30









Gryllus firmus Euarthropoda, Hexapoda dbEST 271 14
Periplaneta americana # Euarthropoda, Hexapoda dbEST 1,577 84 58
Blattella germanica # Euarthropoda, Hexapoda dbEST 1,546 75 38
Diploptera punctata Euarthropoda, Hexapoda dbEST 666 20
Hodotermopsis sjoestedti # Euarthropoda, Hexapoda dbEST 1,471 73 46
Reticulitermes flavipes Euarthropoda, Hexapoda dbEST 113 1
Sphodromantis centralis Euarthropoda, Hexapoda dbEST 120 4
PEDICULUS HUMANUS # Euarthropoda, Hexapoda VectorBase 11,198 636 122
Pediculus humanus corporis Euarthropoda, Hexapoda dbEST 472 55
Pediculus humanus capitis Euarthropoda, Hexapoda dbEST 2,868 147
Homalodisca coagulata # Euarthropoda, Hexapoda dbEST 5,661 237 96
Graphocephala atropunctata # Euarthropoda, Hexapoda dbEST 1,827 97 63
Oncometopia nigricans # Euarthropoda, Hexapoda dbEST 1,772 114 63
Lygus lineolaris Euarthropoda, Hexapoda dbEST 371 21
Oncopeltus fasciatus Euarthropoda, Hexapoda dbEST 448 11
Rhodnius prolixus Euarthropoda, Hexapoda dbEST 735 48
Triatoma infestans Euarthropoda, Hexapoda dbEST 908 39
Triatoma brasiliensis Euarthropoda, Hexapoda dbEST 1,897 33
Bemisia tabaci # Euarthropoda, Hexapoda dbEST 4,548 61 40
Aleurothrixus sp. APV-2005 Euarthropoda, Hexapoda dbEST 288 18
Pachypsylla venusta # Euarthropoda, Hexapoda dbEST 4,631 118 56
Diaphorina citri Euarthropoda, Hexapoda dbEST 2,257 66
Aphis gossypii # Euarthropoda, Hexapoda dbEST 3,716 210 88
Myzus persicae # Euarthropoda, Hexapoda dbEST 9,946 447 107
Acyrthosiphon pisum # Euarthropoda, Hexapoda dbEST 18,253 413 110
Rhopalosiphum padi Euarthropoda, Hexapoda dbEST 335 34
Toxoptera citricida # Euarthropoda, Hexapoda dbEST 2,196 143 74
Sogatella furcifera Euarthropoda, Hexapoda dbEST 122 9
Nilaparvata lugens Euarthropoda, Hexapoda dbEST 167 7
Maconellicoccus hirsutus # Euarthropoda, Hexapoda dbEST 3,929 217 85
Nasonia giraulti # Euarthropoda, Hexapoda dbEST 6,764 277 101
Nasonia vitripennis # Euarthropoda, Hexapoda dbEST 2,999 160 86
Copidosoma floridanum Euarthropoda, Hexapoda dbEST 216 9
Lysiphlebus testaceipes # Euarthropoda, Hexapoda dbEST 3,881 210 84
Microctonus hyperodae Euarthropoda, Hexapoda dbEST 545 22
Vespula squamosa # Euarthropoda, Hexapoda dbEST 1,227 70 50
Solenopsis invicta # Euarthropoda, Hexapoda dbEST 12,252 297 95
Camponotus festinatus Euarthropoda, Hexapoda dbEST 149 8
Lasius niger Euarthropoda, Hexapoda dbEST 347 3
Bombus ignitus Euarthropoda, Hexapoda dbEST 213 22
APIS MELLIFERA #, § Euarthropoda, Hexapoda InParanoid 13,448 775 129
Melipona quadrifasciata Euarthropoda, Hexapoda dbEST 321 2
Eoxenos laboulbenei Euarthropoda, Hexapoda dbEST 345 32
Mengenilla chobauti Euarthropoda, Hexapoda dbEST 297 27
Micromalthus debilis Euarthropoda, Hexapoda dbEST 157 13
Carabus granulatus Euarthropoda, Hexapoda dbEST 177 16
Meladema coriacea Euarthropoda, Hexapoda dbEST 328 23
Cicindela litorea Euarthropoda, Hexapoda dbEST 232 5
Cicindela campestris Euarthropoda, Hexapoda dbEST 340 24
Cicindela littoralis Euarthropoda, Hexapoda dbEST 236 12
Sphaerius sp. APV-2005 Euarthropoda, Hexapoda dbEST 396 29









Eucinetus sp. APV-2005 Euarthropoda, Hexapoda dbEST 344 27
Dascillus cervinus Euarthropoda, Hexapoda dbEST 354 28
Georissus sp. APV-2005 Euarthropoda, Hexapoda dbEST 408 33
Trox sp. JH-2005 Euarthropoda, Hexapoda dbEST 223 9
Scarabaeus laticollis Euarthropoda, Hexapoda dbEST 328 30
Julodis onopordi Euarthropoda, Hexapoda dbEST 337 24
Hister sp. APV-2005 Euarthropoda, Hexapoda dbEST 358 35
Agriotes lineatus Euarthropoda, Hexapoda dbEST 452 22
Tenebrio molitor Euarthropoda, Hexapoda dbEST 100 3
TRIBOLIUM CASTANEUM #, § Euarthropoda, Hexapoda BeetleBase 16,421 775 129
Mycetophagus quadripustulatus Euarthropoda, Hexapoda dbEST 419 28
Biphyllus lunatus Euarthropoda, Hexapoda dbEST 260 28
Hypothenemus hampei Euarthropoda, Hexapoda dbEST 844 64
Diaprepes abbreviatus # Euarthropoda, Hexapoda dbEST 1,921 65 42
Curculio glandium Euarthropoda, Hexapoda dbEST 241 25
Sitophilus zeamais Euarthropoda, Hexapoda dbEST 82 8
Ips pini Euarthropoda, Hexapoda dbEST 565 58
Platystomus albinus Euarthropoda, Hexapoda dbEST 145 5
Diabrotica virgifera virgifera # Euarthropoda, Hexapoda dbEST 7,871 336 114
Timarcha balearica Euarthropoda, Hexapoda dbEST 272 21
Leptinotarsa decemlineata # Euarthropoda, Hexapoda dbEST 2,668 122 56
Callosobruchus maculatus Euarthropoda, Hexapoda dbEST 561 58
Anoplophora glabripennis Euarthropoda, Hexapoda dbEST 386 31
Limnephilus flavicornis Euarthropoda, Hexapoda dbEST 117 2
Hydropsyche sp. T20 Euarthropoda, Hexapoda dbEST 203 23
Plutella xylostella # Euarthropoda, Hexapoda dbEST 1,048 72 55
Tineola bisselliella Euarthropoda, Hexapoda dbEST 188 7
Danaus plexippus # Euarthropoda, Hexapoda dbEST 9,930 470 114
Bicyclus anynana # Euarthropoda, Hexapoda dbEST 5,575 165 68
Heliconius erato # Euarthropoda, Hexapoda dbEST 3,327 219 93
Heliconius melpomene # Euarthropoda, Hexapoda dbEST 1,820 104 64
Papilio dardanus Euarthropoda, Hexapoda dbEST 310 52
Plodia interpunctella # Euarthropoda, Hexapoda dbEST 3,808 175 81
Ostrinia nubilalis Euarthropoda, Hexapoda dbEST 489 25
Epiphyas postvittana # Euarthropoda, Hexapoda dbEST 2,895 154 88
Choristoneura fumiferana Euarthropoda, Hexapoda dbEST 589 17
Trichoplusia ni Euarthropoda, Hexapoda dbEST 417 42
Agrotis segetum Euarthropoda, Hexapoda dbEST 812 58
Spodoptera litura Euarthropoda, Hexapoda dbEST 61 3
Spodoptera frugiperda # Euarthropoda, Hexapoda dbEST 8,362 309 123
Heliothis virescens # Euarthropoda, Hexapoda dbEST 1,723 167 73
Helicoverpa armigera # Euarthropoda, Hexapoda dbEST 692 70 54
Euclidia glyphica Euarthropoda, Hexapoda dbEST 187 16
Bombyx mandarina Euarthropoda, Hexapoda dbEST 207 12
BOMBYX MORI#, § Euarthropoda, Hexapoda SilkDB 16,329 775 129
Manduca sexta # Euarthropoda, Hexapoda dbEST 2,197 120 68
Lonomia obliqua Euarthropoda, Hexapoda dbEST 610 58
Samia cynthia ricini# Euarthropoda, Hexapoda dbEST 5,721 254 105
Antheraea yamamai Euarthropoda, Hexapoda dbEST 421 27









Antheraea assama # Euarthropoda, Hexapoda dbEST 8,927 292 108
Antheraea mylitta # Euarthropoda, Hexapoda dbEST 1,478 93 58
Panorpa cf. vulgaris APV-2005 Euarthropoda, Hexapoda dbEST 322 21
Ctenocephalides felis Euarthropoda, Hexapoda dbEST 1,775 82
Xenopsylla cheopis Euarthropoda, Hexapoda dbEST 283 26
Culicoides sonorensis # Euarthropoda, Hexapoda dbEST 1,405 90 62
Chironomus tentans # Euarthropoda, Hexapoda dbEST 3,445 216 97
ANOPHELES GAMBIAE # Euarthropoda, Hexapoda UniProt (integr8) 12,463 726 126
Anopheles aquasalis Euarthropoda, Hexapoda dbEST 121 4
Anopheles darlingi Euarthropoda, Hexapoda dbEST 461 24
Anopheles albimanus # Euarthropoda, Hexapoda dbEST 3,096 94 53
Anopheles anthropophagus Euarthropoda, Hexapoda dbEST 141 5
Anopheles funestus Euarthropoda, Hexapoda dbEST 1,224 59
AEDES AEGYPTI #, § Euarthropoda, Hexapoda InParanoid 15,419 654 112
Armigeres subalbatus # Euarthropoda, Hexapoda NCBI Trace Archive 7,770 329 97
CULEX PIPIENS QUINQUEFASCIATUS # Euarthropoda, Hexapoda Broad Institute 20,306 721 128
Culex pipiens pallens Euarthropoda, Hexapoda dbEST 76 3
Toxorhynchites amboinensis Euarthropoda, Hexapoda dbEST 199 7
Lutzomyia longipalpis # Euarthropoda, Hexapoda dbEST 19,739 478 126
Phlebotomus papatasi # Euarthropoda, Hexapoda dbEST 10,797 422 125
Rhynchosciara americana # Euarthropoda, Hexapoda dbEST 3,449 112 66
Mayetiola destructor # Euarthropoda, Hexapoda dbEST 1,482 81 48
Sitodiplosis mosellana Euarthropoda, Hexapoda dbEST 1,100 64
Orseolia oryzae Euarthropoda, Hexapoda dbEST 976 29
Glossina morsitans morsitans # Euarthropoda, Hexapoda dbEST 12,444 512 124
Musca domestica Euarthropoda, Hexapoda dbEST 296 14
Stomoxys calcitrans Euarthropoda, Hexapoda dbEST 296 31
Haematobia irritans Euarthropoda, Hexapoda dbEST 196 13
Haematobia irritans irritans Euarthropoda, Hexapoda dbEST 189 13
Ceratitis capitata # Euarthropoda, Hexapoda dbEST 11,132 475 123
Rhagoletis suavis Euarthropoda, Hexapoda dbEST 370 27
Rhagoletis pomonella Euarthropoda, Hexapoda dbEST 160 7
Drosophila arizonae # Euarthropoda, Hexapoda dbEST 770 88 55
DROSOPHILA ANANASSAE # Euarthropoda, Hexapoda UCSC 29,704 673 113
DROSOPHILA ERECTA # Euarthropoda, Hexapoda UCSC 17,531 673 117
DROSOPHILA MELANOGASTER #, § Euarthropoda, Hexapoda InParanoid 13,854 752 129
Meloidogyne hapla # Nematoda dbEST 7,802 252 92
CAENORHABDITIS ELEGANS #, § Nematoda InParanoid 20,084 749 127
CAENORHABDITIS REMANEI # Nematoda InParanoid 25,595 719 126
CAENORHABDITIS BRIGGSAE #, § Nematoda InParanoid 19,334 711 126
Haemonchus contortus # Nematoda dbEST 5,842 262 98
Ascaris suum # Nematoda dbEST 9,165 197 84
Xiphinema index # Nematoda dbEST 4,824 228 89
Trichinella spiralis # Nematoda dbEST 8,843 373 111
CAPITELLA CAPITATA #, § Annelida JGI 32,415 724 122
HELOBDELLA ROBUSTA # Annelida JGI 23,432 730 126
Lumbricus rubellus # Annelida dbEST 10,386 196 94
LOTTIA GIGANTEA #, § Mollusca JGI 23,851 672 120
Crassostrea gigas # Mollusca dbEST 14,857 339 102
Argopecten irradians # Mollusca dbEST 3,610 95 59
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12061 FBpp0078222 ADP-ribosylation factor 1 0.92 107 x 88
11924 FBpp0081153 Tubulin alpha-1 chain 0.92 149 x 102
11899 FBpp0078664 26S proteasome non-ATPase regulatory
subunit 14
0.91 70 x 61
11735 FBpp0076890 26S protease regulatory subunit 8 ph, de, ba [nsf1-G] 0.90 81 x 76
11806 FBpp0081524 Beta-2 tubulin 0.90 127 x 96
11491 FBpp0083502 AP-2 clathrin coat assembly protein ap17 0.90 51 x 46
11394 FBpp0073292 Rpt3 26S protease regulatory subunit 6b
Proteasome 26S subunit ATPase 4
de, ba [nsf1-L] 0.89 70 x 66
12024 FBpp0083645 AP-50, isoform A clathrin coat associated protein ap-50 0.89 56 x 54
11846 FBpp0082140 Vacuolar ATP synthase subunit B ph, de, ba [vatb] 0.89 74 x 69
11362 FBpp0084434 Histone H2A 0.88 80 x 70
11958 FBpp0078984 smt3 0.87 74 x 62
11637 FBpp0086701 40S ribosomal protein S23 ph, de, ba [rps23] x 0.86 142 x 95
11460 FBpp0083906 26S protease regulatory subunit 4 ph, de, ba [nsf1-M] 0.86 74 x 69
11547 FBpp0085265 Elongation factor 2 ph, de, ba [ef2-EF2] 0.86 71 x 65
12071 FBpp0088250 ATP synthase beta chain,
mitochondrial precursor
0.86 119 x 95
11624 FBpp0081592 AP-47 clathrin coat assembly protein ap-1 0.85 58 x 55
11511 FBpp0076145 CG6767-PB, isoform B ribose-phosphate pyrophosphokinase 1 0.85 61 x 59
11609 FBpp0083843 Tat-binding protein-1 26S protease regulatory subunit 6a ph, de, ba [nsf1-K ] 0.85 78 x 71
11484 FBpp0088174 CG1970-PA NADH-ubiquinone oxidoreductase
fe-s protein 2 (ndufs2)
0.84 77 x 67
11902 FBpp0087084 GTP-binding protein 128up 0.84 58 x 55
11442 FBpp0077792 Splicing factor U2af 38 kDa subunit de [u2snrnp] 0.83 58 x 53
11552 FBpp0071808 60S ribosomal protein L23 ph, du, de, ba [rpl23a] x 0.83 127 x 91
11760 FBpp0074520 Cdc42 homolog rac GTPase 0.82 68 x 60
11645 FBpp0073446 Heat shock 70 kDa protein cognate 3
precursor
ph, de, ba [hsp70-E] 0.82 64 x 58
11868 FBpp0079999 Vacuolar ATP synthase catalytic subunit
A isoform 2
ph, de, ba [vata] 0.82 51 x 48
11762 FBpp0078847 CG9140-PA NADH-ubiquinone oxidoreductase
flavoprotein 1 (ndufv1)
0.81 71 x 63
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11377 FBpp0082724 SF2 arginine/serine-rich splicing factor 0.80 47 x 46
11759 FBpp0081401 CG8351-PA chaperonin ph, de, ba [cct-N] 0.78 64 x 60
11635 FBpp0080639 40S ribosomal protein S26 ph, de, ba [rps26] x 0.78 124 x 93
11983 FBpp0082535 Tropomyosin-2 0.77 129 x 98
11617 FBpp0079992 CG5525-PA chaperonin
T-complex protein 1 subunit delta
ph, de, ba [cct-D] 0.77 73 x 67
11639 FBpp0085586 40S ribosomal protein S18 ph, du, de, ba [rps18] x 0.77 136 x 97
11366 FBpp0077571 Enolase 0.77 94 x 78
11634 FBpp0083684 T-complex protein 1 subunit alpha chaperonin ph, de, ba [cct-A] 0.76 64 x 62
11393 FBpp0075700 Eukaryotic translation initiation factor 2
beta subunit
ph, de, ba [if2b] 0.76 70 x 60
11379 FBpp0071226 CG7033-PB, isoform B chaperonin ph, de, ba [cct-B] 0.76 66 x 63
11893 FBpp0072197 26S proteasome non-ATPase
regulatory subunit 7
0.76 62 x 58
12097 FBpp0085919 Polyadenylate-binding protein 0.76 60 x 54
11514 FBpp0074180 40S ribosomal protein S5a ph, ba [rps5] x 0.75 148 x 108
11750 FBpp0073328 GTP-binding nuclear protein Ran 0.75 88 x 77
11681 FBpp0082459 CG3731-PB, isoform B mitochondrial processing peptidase
beta subunit
du [rpl27] 0.75 88 x 79
11874 FBpp0079187 Guanine nucleotide-binding protein
beta subunit-like protein
0.75 133 x 104
11962 FBpp0080495 Vacuolar ATP synthase subunit H 0.75 66 x 61
11965 FBpp0077142 60S ribosomal protein L27a ph, de, ba [rpl27] x 0.75 136 x 95
11450 FBpp0086603 Proteasome p44.5 subunit, isoform B 0.75 76 x 70
11917 FBpp0082464 VhaPPA1-1 vacuolar ATP synthase proteolipid subunit 0.74 71 x 66
11411 FBpp0082516 Heat shock 70 kDa protein cognate 4 0.74 109 x 92
11660 FBpp0078024 26S proteasome non-ATPase
regulatory subunit 4
0.74 62 x 61
11385 FBpp0088565 Eukaryotic initiation factor 3 p66 subunit 0.74 72 x 66
11642 FBpp0077419 Phosphoglycerate kinase 0.74 79 x 72
11695 FBpp0077741 lesswright, isoform A ubiquitin-conjugating enzyme E2 i 0.74 65 x 60
11587 FBpp0073626 40S ribosomal protein S15Aa ph, de, ba [rps22a] x 0.73 119 x 91
11829 FBpp0071794 ATP synthase alpha chain,
mitochondrial precursor
0.73 103 x 92
12012 FBpp0074825 Catalase 0.73 63 x 61
12121 FBpp0086269 Ribosomal protein S15, isoform B ph, du, de, ba [rps15] x 0.73 133 x 97
11479 FBpp0081234 Probable small nuclear ribonucleoprotein
Sm D2
du [small nuclear ribonucleo-
protein polypeptide D2]
0.72 57 x 50
11798 FBpp0085483 Vacuolar ATP synthase 16 kDa proteolipid
subunit
0.72 98 x 81
11848 FBpp0086468 Vacuolar ATP synthase subunit D 1 0.72 75 x 62
11627 FBpp0080691 Probable 26S proteasome non-ATPase
regulatory subunit 3
0.72 65 x 62
11454 FBpp0073847 Adenosylhomocysteinase ph, de [ Sadhchydrolase-E1] 0.72 94 x 81
12054 FBpp0077637 CG5001-PA DNA-J/hsp40 0.72 65 x 60
11911 FBpp0078134 60S acidic ribosomal protein P0 ph, de, ba [rpp0] x 0.72 148 x 108
12019 FBpp0076393 Isocitrate dehydrogenase, isoform F 0.71 79 x 66
11375 FBpp0077716 60S acidic ribosomal protein P1 du, de, ba [rla2-B] x 0.71 134 x 89
11855 FBpp0082571 Surfeit locus protein 4 homolog 0.71 60 x 57
11583 FBpp0082788 T-complex protein 1 subunit gamma ph, de, ba [cct-G] 0.71 57 x 55
11563 FBpp0081581 Calreticulin precursor 0.70 100 x 87
11429 FBpp0086381 CG8446-PA lipoyltransferase 1 0.69 57 x 55
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12033 FBpp0084585 CG5590-PA short-chain dehydrogenase 0.69 72 x 65
11437 FBpp0078532 CG9769-PA eukaryotic translation initiation factor 3f eif3f 0.69 73 x 62
11577 FBpp0082062 Proteasome subunit alpha type 2 ph, de, ba [psma-D] 0.69 64 x 54
11534 FBpp0071451 Proteasome subunit alpha type 4 0.69 76 x 64
11591 FBpp0072968 CG32276-PB, isoform B stress-associated endoplasmic reticulum
protein family member 2
0.68 104 x 76
11603 FBpp0077740 Signal peptide protease 0.68 58 x 57
11910 FBpp0072801 60S ribosomal protein L8 ph, du, de, ba [rpl2] x 0.67 134 x 101
11802 Fbpp0071279 Oligosaccharyltransferase 48kD subunit Dolichyl-diphosphooligosaccharide
protein glycosyltransferase
0.67 68 x 64
11555 FBpp0080395 CaBP1 protein disulfide-isomerase A6 precursor 0.67 72 x 64
12120 FBpp0081780 Arginine methyltransferase 1 0.67 67 x 62
11814 Fbpp0076960 CG1532-PA lactoylglutathione lyase 0.66 61 x 56
11567 FBpp0086066 Proteasome subunit alpha type 5 ph, de, ba [psma-A] 0.66 66 x 61
11451 FBpp0076152 40S ribosomal protein S9 ph, ba [rps9] x 0.66 118 x 86
11710 FBpp0080724 Ribosomal protein L30, isoform A ph, du, de, ba [rpl30] x 0.66 117 x 88
11580 FBpp0110423 ribosomal protein L5 ph, de, ba [rpl5] x 0.65 133 x 105
11976 FBpp0085489 Succinate dehydrogenase [ubiquinone]
iron-sulfur protein, mitochondrial precursor
0.65 73 x 64
12029 FBpp0082985 CG7998-PA malate dehydrogenase 0.65 86 x 75
11849 FBpp0072312 60S ribosomal protein L19 ph, du, de, ba [rpl19a] x 0.65 134 x 93
12047 FBpp0084901 CG7834-PB, isoform B electron transfer flavoprotein beta-subunit 0.65 73 x 68
11350 FBpp0076859 Uev1A, isoform B ubiquitin-conjugating enzyme 0.64 62 x 58
11386 FBpp0079640 CG5362-PA malate dehydrogenase 0.64 90 x 78
12112 FBpp0072250 Inorganic pyrophosphatase 0.63 71 x 59
11428 FBpp0073989 Proteasome subunit alpha type 7-1 0.63 72 x 65
11711 FBpp0075766 60S ribosomal protein L10a-2 ph, de, ba [rpl1] x 0.63 133 x 103
11499 FBpp0070430 CG8636-PA eukaryotic translation initiation factor
eukaryotic translation initiation factor 3
subunit 4
du [eukaryotic translation initiation
factor 3, subunit 4 delta]
0.63 81 x 71
11652 FBpp0085889 Eip55E cystathionine beta-lyase 0.63 72 x 63
11378 FBpp0079472 yippee interacting protein 2 0.63 79 x 71
11919 FBpp0083371 40S ribosomal protein S20 ph, du, de, ba [rps20] x 0.63 135 x 95
11772 FBpp0087186 walrus, isoform B electron transport oxidoreductase 0.62 68 x 61
11928 FBpp0070047 60S ribosomal protein L10 ph, de, ba [grc5] x 0.62 155 x 109
11932 FBpp0070871 Lethal (1), isoform A citrate synthase 0.62 70 x 65
11380 FBpp0084617 60S ribosomal protein L4 ph, de, ba [rpl4B] x 0.62 134 x 107
11820 FBpp0076804 Thioredoxin-like 0.61 75 x 69
11707 FBpp0088441 40S ribosomal protein S7 ph [rps7] x 0.61 134 x 103
11663 FBpp0088522 Ubiquitin conjugating enzyme 10 0.61 69 x 62
11912 FBpp0074599 Clathrin light chain 0.61 79 x 68
12046 FBpp0088505 Annexin-B9 0.61 76 x 64
11992 FBpp0087164 Erp60, isoform B protein disulfide isomerase 0.61 101 x 87
11754 FBpp0071766 40S ribosomal protein S16 ph, du, de, ba [rps16] x 0.60 138 x 101
11984 FBpp0100039 Voltage-dependent anion-selective channel 0.60 104 x 84
11773 FBpp0075382 Proteasome 2 subunit ph, de, ba [psmb-K] 0.60 92 x 81
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11847 FBpp0088242 40S ribosomal protein S3a ph, de, ba [rps1] x 0.59 139 x 103
11649 FBpp0076848 CG4769-PA cytochrome C1 0.58 93 x 82
12040 FBpp0084306 Ribosomal protein L27 x 0.58 129 x 87
12035 FBpp0073344 Glutamine synthetase 2, cytoplasmic 0.57 90 x 79
12115 FBpp0087972 cathD cathepsin d 0.57 96 x 81
12093 FBpp0082645 NADH:ubiquinone reductase 23kD
subunit precursor
0.57 70 x 66
12081 FBpp0084762 Elongation factor 1-gamma 0.56 137 x 109
11619 FBpp0086103 60S ribosomal protein L18a ph, du, de, ba [rpl20] x 0.56 137 x 97





0.56 97 x 80
11391 FBpp0075618 40S ribosomal protein S4 ph, ba [rps4] x 0.55 144 x 105
11584 FBpp0081488 Proteasome subunit beta type 3 ph, du, de, ba [psmb-I] 0.54 81 x 72
11383 FBpp0086973 Nascent polypeptide-associated complex
alpha subunit
0.53 94 x 81
11778 FBpp0087608 60S ribosomal protein L31 ph, de, ba [rpl31] x 0.53 122 x 89
11844 FBpp0099686 40S ribosomal protein S8 ph, du, ba [rps8] x 0.53 152 x 104
11618 FBpp0085166 Ribosomal protein L6, isoform B ph, de, ba [rpl6] x 0.47 145 x 106
11841 FBpp0110173 hydrogen-transporting ATP synthase,
G-subunit, putative
0.46 110 x 78
12122 FBpp0078354 60S ribosomal protein L13A x 0.45 136 x 98
12123 FBpp0083376 Ribosomal protein S30, isoform B du [Ubiquitin-like FUBI and ribo-
ribosomal protein S30 precursor]
x 0.44 136 x 94
12074 FBpp0072084 CG3195-PA, isoform A 60S ribosomal protein L12 ph, du, de, ba [rpl12b] x 0.44 136 x 100
11793 FBpp0076602 Ribosomal protein L18 ph, du, de, ba [rpl18] x 0.42 124 x 95
11417 FBpp0087352 Ras-related protein Rab-3 0.88 34





11387 FBpp0075260 diablo 0.86 36
12009 FBpp0088695 CG2944-PF, isoform F splA/ryanodine receptor domain and SOCS
box containing 4
0.84 30
11405 FBpp0077302 Protein mothers against dpp 0.83 29
12073 FBpp0074756 reptin 0.83 46
11755 FBpp0083248 CG10889-PA zinc finger CCCH-type containing 12B 0.82 21
11783 FBpp0079615 Transcription initiation factor IIB 0.81 46
11860 FBpp0070208 SNF1A/AMP-activated protein kinase,
isoform B
0.81 35
11803 FBpp0079634 CG5343-PA orf protein 0.81 47
12118 FBpp0099616 cAMP-dependent protein kinase type I
regulatory subunit
0.80 52
11398 FBpp0088599 Potassium voltage-gated channel protein
Shaker
voltage-gated potassium channel 0.80 19
11954 FBpp0079565 Putative ATP-dependent RNA helicase
me31b
0.80 43
11509 FBpp0087094 Small nuclear ribonucleoprotein SM D3 0.79 43
12087 FBpp0082743 COP9 signalosome complex subunit 5 0.79 46
11865 FBpp0070361 Unc-76, isoform B 0.79 31
11680 FBpp0088583 CG11266-PG, isoform G splicing factor 0.78 49
11989 FBpp0083135 CG5451-PA WD-repeat protein 0.78 37
11797 AAEL007662-PA casein kinase 0.78 46
12084 FBpp0079951 Ef1-like factor 0.78 28
11850 FBpp0099884 UGP, isoform A 0.77 49
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11496 FBpp0078469 Katanin 60 de [nsf1-N] 0.77 34
11687 FBpp0084528 CG5934-PA 0.76 36
12070 AAEL005833-PA cytosolic purine 5-nucleotidase 0.76 36
11956 FBpp0086942 Guanine nucleotide-binding protein G(q)
subunit alpha
0.76 36
11616 FBpp0086375 Lissencephaly-1 homolog 0.76 46
11673 FBpp0083973 Syntaxin-1A 0.75 38
11991 FBpp0083588 CG6439-PA isocitrate dehydrogenase 0.75 56
12060 FBpp0074486 6-phosphofructo-2-kinase, isoform I 0.75 41
11384 FBpp0081448 CG11990-PA cdc73 domain protein 0.75 30
11542 FBpp0080659 Sterol carrier protein X-related thiolase 0.74 54
11763 FBpp0072052 Guanine nucleotide-binding protein G(s),
alpha subunit
0.74 27
11700 FBpp0079629 RluA-1, isoform C 0.74 26
11589 FBpp0083573 Probable ATP-dependent RNA helicase
pitchoune
0.74 38
11940 FBpp0085430 CG10465-PA potassium channel tetramerisation
domain containing 10
0.74 33
12065 FBpp0110163 CAMP-dependent protein kinase catalytic subunit 0.74 50
12007 FBpp0074691 tricornered 0.74 28
11864 FBpp0073387 DNA-directed RNA polymerase II
largest subunit
du [DNA directed RNA
polymerase II polypeptide C]
0.74 15




11406 FBpp0083112 endophilin A, isoform B 0.73 30
11726 FBpp0088499 Protein ariadne-1 0.73 42
11640 FBpp0071553 CG4279-PA Sm protein G putative 0.73 42
11564 FBpp0085131 CG31005-PA trans-prenyltransferase 0.73 32
11508 FBpp0080261 Suppressor of hairless protein 0.73 18
11788 FBpp0110435 synaptosomal associated protein 0.73 38
11672 FBpp0071424 Inosine-5'-monophosphate dehydrogenase 0.73 46
11610 FBpp0070859 Spliceosomal protein on the X 0.73 28
11980 FBpp0085902 GTP-binding-protein 0.72 46
11523 FBpp0078624 CG14641-PA RNA binding motif protein 0.72 37
11990 FBpp0081290 ADP-ribosylation factor-like protein 8 0.72 49
11768 FBpp0074278 CG6842-PA skd/vacuolar sorting 0.72 43
11934 FBpp0070250 CG32810-PB potassium channel tetramerisation
domain containing 5
0.72 34
11578 FBpp0071600 Rae1 0.72 46
11436 FBpp0084036 atlastin, isoform B 0.72 41
11821 FBpp0070883 Serine/threonine-protein phosphatase PP-V de [stcproptase2a-c] 0.72 47
11490 FBpp0081483 Aryl hydrocarbon receptor nuclear
translocator homolog
0.72 20
11796 FBpp0081704 pontin 0.71 34
11549 FBpp0076078 Ard1, isoform A 0.70 51
12038 FBpp0082507 CG4203-PA KIAA0892 0.70 26
12088 FBpp0079676 Stress-activated protein kinase JNK 0.70 26
11718 FBpp0086599 CG32105-PB LIM homeobox transcription factor 1, alpha 0.70 20
11785 FBpp0080801 Tyrosine-protein phosphatase Lar precursor 0.70 17
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11496 FBpp0078469 Katanin 60 de [nsf1-N] 0.77 34
11687 FBpp0084528 CG5934-PA 0.76 36
12070 AAEL005833-PA cytosolic purine 5-nucleotidase 0.76 36
11956 FBpp0086942 Guanine nucleotide-binding protein G(q)
subunit alpha
0.76 36
11616 FBpp0086375 Lissencephaly-1 homolog 0.76 46
11673 FBpp0083973 Syntaxin-1A 0.75 38
11991 FBpp0083588 CG6439-PA isocitrate dehydrogenase 0.75 56
12060 FBpp0074486 6-phosphofructo-2-kinase, isoform I 0.75 41
11384 FBpp0081448 CG11990-PA cdc73 domain protein 0.75 30
11542 FBpp0080659 Sterol carrier protein X-related thiolase 0.74 54
11763 FBpp0072052 Guanine nucleotide-binding protein G(s),
alpha subunit
0.74 27
11700 FBpp0079629 RluA-1, isoform C 0.74 26
11589 FBpp0083573 Probable ATP-dependent RNA helicase
pitchoune
0.74 38
11940 FBpp0085430 CG10465-PA potassium channel tetramerisation
domain containing 10
0.74 33
12065 FBpp0110163 CAMP-dependent protein kinase catalytic subunit 0.74 50
12007 FBpp0074691 tricornered 0.74 28
11864 FBpp0073387 DNA-directed RNA polymerase II
largest subunit
du [DNA directed RNA
polymerase II polypeptide C]
0.74 15




11406 FBpp0083112 endophilin A, isoform B 0.73 30
11726 FBpp0088499 Protein ariadne-1 0.73 42
11640 FBpp0071553 CG4279-PA Sm protein G putative 0.73 42
11564 FBpp0085131 CG31005-PA trans-prenyltransferase 0.73 32
11508 FBpp0080261 Suppressor of hairless protein 0.73 18
11788 FBpp0110435 synaptosomal associated protein 0.73 38
11672 FBpp0071424 Inosine-5'-monophosphate dehydrogenase 0.73 46
11610 FBpp0070859 Spliceosomal protein on the X 0.73 28
11980 FBpp0085902 GTP-binding-protein 0.72 46
11523 FBpp0078624 CG14641-PA RNA binding motif protein 0.72 37
11990 FBpp0081290 ADP-ribosylation factor-like protein 8 0.72 49
11768 FBpp0074278 CG6842-PA skd/vacuolar sorting 0.72 43
11934 FBpp0070250 CG32810-PB potassium channel tetramerisation
domain containing 5
0.72 34
11578 FBpp0071600 Rae1 0.72 46
11436 FBpp0084036 atlastin, isoform B 0.72 41
11821 FBpp0070883 Serine/threonine-protein phosphatase PP-V de [stcproptase2a-c] 0.72 47
11490 FBpp0081483 Aryl hydrocarbon receptor nuclear
translocator homolog
0.72 20
11796 FBpp0081704 pontin 0.71 34
11549 FBpp0076078 Ard1, isoform A 0.70 51
12038 FBpp0082507 CG4203-PA KIAA0892 0.70 26
12088 FBpp0079676 Stress-activated protein kinase JNK 0.70 26
11718 FBpp0086599 CG32105-PB LIM homeobox transcription factor 1, alpha 0.70 20
11785 FBpp0080801 Tyrosine-protein phosphatase Lar precursor 0.70 17
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11507 FBpp0081840 CG17184-PB, isoform B ADP-ribosylation factor interacting protein 2 0.65 27
11588 FBpp0087472 CG12140-PA electron transfer flavoprotein-ubiquinone
oxidoreductase
0.65 34
11728 FBpp0099695 Dystrobrevin-like, isoform A 0.65 19
11716 FBpp0071992 no extended memory, isoform B 0.65 31
12018 FBpp0083611 Pyruvate kinase 0.65 77
11830 FBpp0087865 Rs1 0.65 29
12076 FBpp0078099 CG7145-PD, isoform D pyrroline-5-carboxylate dehydrogenase 0.65 57
11556 FBpp0079843 CG14939-PA cyclin Y 0.65 31
11553 FBpp0071285 Puff-specific protein Bx42 0.65 43
11955 FBpp0110314 conserved hypothetical protein 0.65 36
11667 FBpp0077214 CG17593-PA coiled-coil domain containing 47 0.65 49
12069 FBpp0071046 Protein bys 0.65 40
11709 FBpp0074022 CG9911-PA, isoform A endoplasmic reticulum resident protein
(ERp44) putative
0.65 44
11389 FBpp0081988 Putative inner dynein arm light chain axonemal inner arm dynein light chain 0.65 24
12051 FBpp0072144 Probable eukaryotic translation
initiation factor 6
ph, de, ba [if6] 0.65 60
11525 FBpp0086098 eIF3-S9, isoform B 0.64 76
11432 FBpp0079642 CG33303-PA ribophorin 0.64 68
11712 FBpp0070249 CG14782-PA pleckstrin homology domain containing,
family F (with FYVE domain) member 2
0.64 31
11905 FBpp0078433 DNA-directed RNA polymerases I, II, and
III 14.4 kDa polypeptide
0.64 47
11598 FBpp0075202 CG5284-PA, isoform A chloride channel protein 3 0.64 26
11853 FBpp0081617 CG8500-PA MRAS2 putative 0.64 19
11890 FBpp0086340 mrj, isoform D 0.64 49
11801 FBpp0072419 Tudor-SN ebna2 binding protein P100 0.64 55
11455 FBpp0082728 belphegor 0.64 34
12057 FBpp0076921 lethal (1) G0269 0.64 25
11574 FBpp0077676 Clipper 0.64 30
11971 FBpp0070873 Transmembrane GTPase Marf 0.64 39
11891 FBpp0081958 CG18347-PA mitochondrial glutamate carrier protein 0.64 32
11786 FBpp0084191 CG11859-PA serine/threonine-protein kinase rio2 (rio kinase 2) 0.64 35
11629 FBpp0079617 CHIP 0.63 46
11632 FBpp0078997 nop5 0.63 49
11608 FBpp0078606 ATP-dependent RNA helicase abstrakt 0.63 31
11351 FBpp0070651 cap binding protein 80, isoform A 0.63 28
11975 FBpp0080282 crinkled, isoform A 0.63 17
11349 FBpp0083972 4EHP eukaryotic translation initiation factor 4e type 0.63 56
11529 FBpp0076244 Probable signal recognition particle
68 kDa protein
srp68 0.63 50
11355 FBpp0081374 belle DEAD box ATP-dependent RNA helicase 0.63 41
12053 FBpp0072788 CG9018-PB, isoform B regulation of nuclear pre-mRNA domain
containing 1B
0.63 38
11368 FBpp0075729 RhoGAP68F 0.63 36
11831 FBpp0078191 CG6838-PB, isoform B ADP-ribosylation factor GTPase activating
protein 2
0.63 55
11613 FBpp0086590 CG12797-PA WD-repeat protein 0.63 42
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11799 FBpp0078371 MLF1-adaptor molecule 0.63 30
11883 FBpp0089034 Armadillo segment polarity protein 0.63 21
11880 FBpp0071407 Mannosyl-oligosaccharide alpha-1,2-
mannosidase isoform 2
0.63 30
11771 FBpp0078161 Tenascin major 0.63 16
11843 FBpp0078887 CG9523-PA FIC domain containing 0.63 28
11531 FBpp0085140 CG31004-PB, isoform B sushi domain containing 2 0.63 23
11571 AAEL012316-PA arsenical pump-driving ATPase 0.63 31
12031 AAEL014285-PA growth hormone inducible
transmembrane protein
du [growth hormone inducible
transmembrane protein]
0.63 59
11501 FBpp0074151 Probable small nuclear ribonucleoprotein G du [small nuclear
ribonucleoprotein polypeptide G]
0.63 61
11520 FBpp0073134 Fumarylacetoacetase 0.62 52
12042 FBpp0082569 CG6194-PA ATG4 autophagy related 4 homolog D 0.62 29
11647 FBpp0078811 Tetraspanin 26A 0.62 34
11964 FBpp0089047 Voltage-dependent calcium channel type D
alpha-1 subunit
0.62 13
11739 FBpp0087699 Receptor mediated endocytosis 8 0.62 17
12049 FBpp0100147 conserved membrane protein at 44E,
isoform A
0.62 29
11742 FBpp0070418 CG16903-PA cyclin l 0.62 38
11822 FBpp0078893 CG9547-PA acyl-CoA dehydrogenase 0.62 51
11424 FBpp0079870 escl, isoform A 0.62 40
11413 FBpp0086223 Flap endonuclease 1 0.62 39
11705 FBpp0075485 Protein frizzled precursor 0.62 25
11737 FBpp0087722 Dynamitin 0.62 53
11701 AAEL010002-PB 5-formyltetrahydrofolate cyclo-ligase 0.62 53
11939 FBpp0076523 Protein henna 0.62 59
11576 FBpp0070104 Beta-amyloid-like protein precursor 0.62 37
11527 FBpp0084894 CG31033-PB, isoform B ATG16 autophagy related 16-like 1 0.62 18
12102 FBpp0081633 CG9461-PA F-box only protein 0.62 23
12092 FBpp0088153 Eph receptor tyrosine kinase, isoform D 0.62 18
11631 FBpp0070368 6-phosphogluconate dehydrogenase,
decarboxylating
0.62 56
12075 FBpp0084499 CG6051-PA lateral signaling target protein 0.62 29
11903 FBpp0072723 CG1140-PA, isoform A succinyl-coa: 3-ketoacid-coenzyme a transferase 0.61 43
11896 FBpp0086289 HMG Coenzyme A synthase, isoform A 0.61 42
11922 FBpp0079976 PICK1, isoform B 0.61 30
11996 FBpp0078360 sec23, isoform B 0.61 24
11625 FBpp0088955 Protein tumorous imaginal discs,
mitochondrial precursor
0.61 56
12066 FBpp0070793 CG3016-PA ubiquitin-specific protease 0.61 23
11913 FBpp0083976 Rox8, isoform F 0.61 39
12062 FBpp0088862 Hypothetical protein CG7816 0.61 36
11416 FBpp0088910 CG1732-PB, isoform B sodium/chloride dependent neurotransmitter
transporter
0.61 30
11530 FBpp0070469 Hypothetical protein CG32795 in
chromosome 1
0.61 44
11565 FBpp0077998 CG7338-PA ribosome biogenesis protein tsr1 0.61 50
11881 FBpp0082624 CG4525-PA tetratricopeptide repeat domain 26 0.61 21
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12103 FBpp0084774 CG1458-PA CDGSH iron sulfur domain 2 0.61 68
12014 FBpp0075942 CG7628-PA phosphate transporter 0.61 29
11607 FBpp0071259 CG12135-PA CWC15 spliceosome-associated protein homolog 0.61 51
11930 FBpp0074330 CG6179-PA nitric oxide synthase interacting protein 0.61 44
12016 FBpp0070751 RhoGAP5A, isoform A 0.61 24
11630 FBpp0079643 CG5366-PA cullin-associated NEDD8-dissociated protein 1 0.60 20
12013 FBpp0087648 RNA-binding protein 8A 0.60 56
11666 FBpp0072660 Hsp90 co-chaperone Cdc37 0.60 56
11483 FBpp0077886 Lipoic acid synthase, isoform B lipoic acid synthetase 0.60 48
11390 FBpp0075731 Neurexin-4 precursor 0.60 17
11929 FBpp0074822 Aut1 0.60 40
11396 FBpp0070064 Molybdenum cofactor synthesis protein
cinnamon
molybdopterin biosynthesis protein 0.60 29
11719 FBpp0081331 CG10153-PA trafficking protein particle complex 5 0.60 35
11978 FBpp0087366 CG11777-PA cyclophilin-10 0.60 30
11727 FBpp0071303 CG3004-PA vegetatible incompatibility protein HET-E-1
putative
0.60 39
11600 FBpp0087340 CG7686-PA LTV1 homolog 0.60 53
12107 FBpp0085500 CG3358-PB, isoform B TatD DNase domain containing 1 0.60 33
11372 FBpp0087938 Nup44A, isoform A 0.60 40
11792 FBpp0071262 CG17446-PA cpg binding protein 0.60 27
11840 FBpp0078381 CG2185-PA calcineurin b subunit 0.60 61
11926 AAEL002852-PA conserved hypothetical protein 0.60 16
11357 FBpp0074246 CG8142-PA replication factor C 37-kDa subunit putative 0.60 42
12011 FBpp0070162 CG11642-PC, isoform C translocation associated membrane protein 0.60 66
11447 FBpp0086703 CG8394-PA amino acid transporter 0.60 21
11512 FBpp0074937 NUCB1 0.60 51
11671 FBpp0071392 CG32687-PA internalin A putative 0.60 46
11606 FBpp0077047 lethal (1) G0196, isoform E 0.60 21
12094 FBpp0079675 CG5676-PA 0.59 51
11518 FBpp0073557 CG4332-PA CLPTM1-like 0.59 35
11925 FBpp0071138 Probable phenylalanyl-tRNA synthetase
alpha chain
0.59 37
12079 FBpp0078891 CG9543-PA coatomer protein complex, subunit epsilon 0.59 58
11654 FBpp0077263 Probable tyrosyl-DNA phosphodiesterase 0.59 33
11407 FBpp0076124 Ubiquitin-conjugating enzyme E2-22 kDa ubiquitin-conjugating enzyme E2-25kDa 0.59 50
11643 FBpp0071688 Protein ariadne-2 0.59 33
11731 FBpp0085222 lethal (3) s1921 0.59 47
12056 FBpp0081800 Sorbitol dehydrogenase-2 0.59 69
11767 FBpp0086875 F-box/SPRY-domain protein 1 0.59 21
11944 FBpp0071269 CG12121-PA lung seven transmembrane receptor 0.59 26
11561 FBpp0072481 CG13887-PB, isoform B B-cell receptor-associated protein bap du [B-cell receptor-associated
protein 31]
0.59 70
11997 FBpp0079914 Threonyl-tRNA synthetase, isoform C ba [trs] 0.59 27
11834 FBpp0077129 CG15433-PA elongator component putative 0.59 35
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11538 FBpp0087714 CG8080-PA chromosome 5 open reading frame 33 0.59 32
11478 FBpp0074792 CG6812-PA sideroflexin 123 0.59 33
12000 FBpp0073354 CG1749-PA ubiquitin-activating enzyme E1 0.59 46
11694 FBpp0070933 Serine/threonine-protein kinase 0.59 16
11817 FBpp0110272 multiple C2 domain and transmembrane
region protein
0.59 20
11570 FBpp0071229 CG7039-PA ARL3 putative 0.59 42
11692 FBpp0079812 Replication factor C 38kD subunit 0.59 42
11761 FBpp0088881 supercoiling factor, isoform B 0.59 49
11524 FBpp0086373 Cysteinyl-tRNA synthetase 0.59 38
12110 FBpp0099935 CG11919-PA, isoform A peroxisome assembly factor-2 (peroxisomal-
type ATPase 1)
0.59 26
11884 FBpp0071478 CDK5RAP3-like protein 0.59 44
11427 FBpp0075042 rogdi, isoform A 0.59 29
11960 FBpp0087073 CG8841-PC, isoform C chromosome 17 open reading frame 28 0.59 18
11488 FBpp0079946 Probable ribosome production factor 1 U3 small nucleolar ribonucleoprotein
protein imp4
0.59 44
12080 FBpp0082525 CG4338-PA chromosome 16 open reading frame 42 0.59 37
11358 FBpp0078721 thickveins, isoform D 0.59 31
11677 FBpp0071189 CG12125-PA family with sequence similarity 73, member B 0.59 24
12109 FBpp0075866 CG11660-PA, isoform A serine/threonine-protein kinase rio1 (rio kinase 1) 0.58 33
12050 FBpp0081087 CG2656-PA GPN-loop GTPase 3 0.58 41
11356 FBpp0080407 CG5861-PA transmembrane protein 147 0.58 47
11651 FBpp0075139 CG4933-PA o-sialoglycoprotein endopeptidase 0.58 29
11752 FBpp0088329 Calcium-dependent secretion activator 0.58 13
11878 FBpp0071669 GlcT-1 0.58 28
11657 FBpp0070443 40S ribosomal protein S12,
mitochondrial precursor
x 0.58 38
11871 FBpp0074990 UDP-sugar transporter UST74c 0.58 29
11920 FBpp0074662 Rpn1 0.58 30
11953 FBpp0084464 BM-40-SPARC 0.58 68
11863 FBpp0083098 Mekk1, isoform B 0.58 17
11614 FBpp0099673 Tousled-like kinase, isoform D 0.58 24
11438 FBpp0078382 MTA1-like, isoform B 0.58 17
11381 FBpp0081659 lethal (3) IX-14 0.58 20
11686 FBpp0072142 Protein within the bgcn gene intron 0.57 38
11875 FBpp0084118 CG5805-PA mitochondrial glutamate carrier putative 0.57 17
11360 FBpp0088059 Dpld (Protein dappled) 0.57 17
12090 FBpp0075734 CG6910-PA myoinositol oxygenase 0.57 53
11734 AAEL010797-PA RNA polymerase II holoenzyme
component
0.57 31
11477 FBpp0078633 CG3756-PA DNA-directed RNA polymerase 0.57 44
12048 FBpp0086107 Anaphase-promoting complex subunit 10 0.57 36
11987 FBpp0081601 CG9373-PA myelinprotein expression factor 0.57 43
11882 FBpp0073588 CG1622-PA PRP38 pre-mRNA processing factor 38 0.57 33
11810 FBpp0086757 CG12295-PB: straightjacket dihydropyridine-sensitive l-type
calcium channel
0.57 16
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11668 FBpp0070389 mitochondrial ribosomal protein L14 x 0.57 38
11858 FBpp0086063 Ngp 0.56 34
11795 FBpp0084691 CG1646-PC, isoform C PRP39 pre-mRNA processing factor 39 homolog 0.56 43
11544 FBpp0085838 GDI interacting protein 3, isoform C 0.56 33
11400 FBpp0071061 Integrin beta-PS precursor integrin beta subunit 0.56 45
11550 FBpp0076134 ATP synthase B chain,
mitochondrial precursor
0.56 16
11725 FBpp0076486 pebble, isoform D 0.56 18
11804 FBpp0087806 CG8635-PA zinc finger CCCH-type containing 15 0.56 45
11674 FBpp0074121 CG9099-PA density-regulated protein 0.56 54
11839 FBpp0081520 Probable maleylacetoacetate isomerase 2 0.56 43
11559 FBpp0110208 calnexin 0.56 59
11794 FBpp0084559 rapsynoid 0.56 19
11656 FBpp0075168 Tyrosyl-tRNA synthetase 0.56 45
11489 FBpp0071445 CG9236-PA calcium and integrin-binding protein 1 0.56 22
12111 FBpp0084144 CG11920-PA U3 small nucleolar ribonucleoprotein protein imp4 0.56 45
11774 FBpp0085422 O-glycosyltransferase, isoform B 0.56 19
11683 FBpp0086129 Fat-spondin, isoform B 0.56 52
11461 FBpp0081481 Protein neuralized 0.55 29
11835 FBpp0079780 CG6724-PA WD-repeat protein 0.55 45
11974 FBpp0083581 CG6015-PA pre-mRNA splicing factor prp17 0.55 35
11354 FBpp0081552 CG8286-PA tetratricopeptide repeat protein putative 0.55 48
12063 FBpp0078685 Probable GDP-mannose 4,6 dehydratase 0.55 38
12078 FBpp0087709 Mystery 45A 0.55 34
11972 FBpp0072382 mrityu, isoform C 0.55 24
11828 FBpp0082895 CG5840-PB, isoform B pyrroline-5-carboxylate reductase 0.55 51
11866 FBpp0083076 Probable 28 kDa Golgi SNARE protein 0.55 37
11382 FBpp0082888 Sur-8, isoform A 0.55 33
11704 FBpp0081370 CG8036-PD, isoform D transketolase I 0.55 41
11487 FBpp0083131 Prp18 0.55 38
11691 FBpp0071063 Glutamate--cysteine ligase 0.55 30
11458 FBpp0074562 CG32528-PA parvin 0.54 48
11861 FBpp0074026 Katanin 80, isoform B 0.54 20
11586 FBpp0074835 CG6841-PA pre-mRNA splicing factor 0.54 25
11959 FBpp0080906 La protein homolog 0.54 55
11404 FBpp0080622 CG10333-PA DEAD box ATP-dependent RNA helicase 0.54 20
11467 FBpp0072979 CG11537-PB, isoform B hippocampus abundant transcript 1 0.54 20
11364 FBpp0075238 PDCD-5 programmed cell death 5 du, de [pace6] 0.54 53
11370 FBpp0081276 pyd3 0.54 49
11722 FBpp0080048 Coatomer subunit beta' 0.54 21
11425 FBpp0076861 Kinesin-like protein at 64D 0.54 27
11675 FBpp0076332 CG7112-PA rab6 GTPase activating protein gapcena
(rabgap1 protein)
0.54 23
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11895 FBpp0081475 CG18005-PA red protein (ik factor) (cytokine ik) 0.54 30
11827 FBpp0081719 Sirt6 0.54 29
12045 FBpp0079832 CG6509-PB, isoform B discs large protein 0.54 14
11615 FBpp0070367 CG3835-PA, isoform A D-lactate dehydrognease 2 0.54 31
11937 FBpp0079577 Ubiquitin thioesterase otubain-like protein 0.54 41
11546 FBpp0072404 mitochondrial ribosomal protein L17 ph, du, de, ba [rpl17] x 0.54 38
12099 FBpp0085155 Coatomer protein, isoform B 0.54 28
11915 FBpp0073739 MRNA-capping-enzyme 0.54 46
11579 FBpp0077551 CG31938-PA exosome component 3 0.54 31
11776 FBpp0072455 Probable UDP-glucose 4-epimerase 0.54 47
11446 FBpp0084351 CG6095-PB, isoform B exocyst complex-subunit protein 84kDa-
subunit putative
0.54 31
11434 FBpp0074582 CG14232-PA acyl-Coenzyme A binding domain containing 3 0.54 29
11809 FBpp0085181 CG1800-PA: partner of drosha double-stranded binding protein putative 0.53 23
11521 FBpp0071095 CG10932-PA acetyl-coa acetyltransferase mitochondrial 0.53 65
12106 FBpp0075693 Probable phosphomannomutase 0.53 47
12098 FBpp0086667 CG8531-PA DnaJ (Hsp40) homolog, subfamily C, member 11 0.53 35
11646 FBpp0075111 COP, isoform B 0.53 62
11426 FBpp0083921 CG5991-PC, isoform C 0.53 37
11764 FBpp0073806 CG14407-PA glutaredoxin 0.53 68
12067 FBpp0088040 CG11107-PA ATP-dependent RNA helicase 0.53 22
11528 FBpp0080117 CG16865-PA chromosome X open reading frame 56 0.53 34
11769 FBpp0073649 CG11134-PA APAF1 interacting protein 0.53 48
11590 FBpp0085763 Exostosin-3 0.53 24
12083 FBpp0075947 Multidrug-Resistance like Protein 1,
isoform B
0.53 26
11894 FBpp0071256 C12.2 0.53 27
11409 FBpp0074844 CG3961-PB, isoform B long-chain-fatty-acid coa ligase 0.53 35
11441 FBpp0073635 CG11178-PB, isoform B AVL9 homolog 0.53 25
11456 FBpp0072830 misshapen, isoform E 0.53 31
11444 FBpp0071232 AP-1, isoform E 0.53 17
11423 FBpp0078070 CG9391-PA, isoform A myo inositol monophosphatase 0.53 52
11526 FBpp0074564 CG12703-PA peroxisomal membrane protein 70 abcd3 0.52 23
11708 FBpp0081576 eclair 0.52 65
12043 FBpp0074736 CG8798-PA, isoform A ATP-dependent Lon protease putative 0.52 27
11745 FBpp0090943 CG33505-PA WD-repeat protein 0.52 36
12096 FBpp0087342 CG12343-PA SYF2 homolog, RNA splicing factor 0.52 51
12026 FBpp0084813 CG1907-PA solute carrier family 25 (mitochondrial carrier;
oxoglutarate carrier), member 11
0.52 49
12116 FBpp0078694 mitochondrial ribosomal protein L24 x 0.52 50
12114 FBpp0075560 CG10711-PA conserved hypothetical protein 0.52 46
11596 FBpp0076073 nudE 0.52 38
11698 FBpp0078992 Gas41 0.52 31
11904 AAEL010402-PA DEAD box ATP-dependent RNA helicase 0.52 20
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11970 FBpp0083436 Exocyst complex component 6 0.52 36
11756 FBpp0086641 Lamin-C 0.52 37
11724 FBpp0081283 CG10903-PA Williams Beuren syndrome chromosome
region 22
0.52 42
11721 AAEL004763-PA conserved hypothetical protein 0.52 26
11592 FBpp0070806 Lethal (1), isoform A 0.52 21
11601 FBpp0081834 CG5214-PA dihydrolipoamide succinyltransferase
component of 2-oxoglutarate dehydrogenase
0.52 45






11811 FBpp0079495 CG5885-PA translocon-associated protein gamma subunit 0.52 84
11775 FBpp0074517 Glucose-6-phosphate 1-dehydrogenase 0.52 42
11506 FBpp0082642 CG4225-PA ABC transporter Mitochondrial ABC transporter 3 0.51 17
11826 FBpp0110402 eukaryotic translation initiation factor 3,
theta subunit
0.51 24
11422 FBpp0085952 Dgp-1, isoform A 0.51 33
11782 FBpp0073828 CG6227-PA DEAD box ATP-dependent RNA helicase 0.51 17
11685 FBpp0071217 Polycomb protein l(1)G0020 0.51 30
11723 FBpp0081799 CG6465-PA aminoacylase putative 0.51 52
11376 FBpp0075938 NEDD8-activating enzyme E1
regulatory subunit
app binding protein 0.51 39
11699 FBpp0075034 CG7728-PA ribosome biogenesis protein 0.51 29




11463 FBpp0087926 drosha 0.51 15
11867 FBpp0074734 CG8793-PA KIAA1012 0.50 17
11697 AAEL013319-PA conserved hypothetical protein ph, de [stbproptase2a-b] 0.50 15
11688 FBpp0075069 CG4169-PA ubiquinol-cytochrome c reductase
complex core protein
0.50 82
11952 FBpp0076782 Regulator of chromosome condensation 0.50 30
11740 FBpp0074366 Histidyl-tRNA synthetase, isoform B 0.50 45
11898 FBpp0087506 6-phosphofructokinase 0.50 30
11892 FBpp0083899 Bifunctional aminoacyl-tRNA synthetase 0.50 24
11473 FBpp0084489 DNA polymerase alpha subunit B 0.50 29
12008 FBpp0078184 Secretory Pathway Calcium atpase,
isoform C
0.50 17
11513 FBpp0072531 CG9119-PA chromosome 11 open reading frame 54 0.50 44
11669 FBpp0073875 CG9245-PB, isoform B phosphatidylinositol synthase 0.50 46
11813 Fbpp0089153 smallminded CG8571-PB, isoform B peroxisome assembly factor-2
(peroxisomal-type ATPase 1)




11659 FBpp0087353 CG16728-PA G protein-coupled receptor kinase interacting
ArfGAP 2
0.50 25
11886 FBpp0080045 Two A-associated protein of 42kDa 0.50 37
11852 FBpp0084032 CG6643-PB, isoform B synaptotagmin putative 0.50 33
11982 FBpp0072779 CG1317-PB ssm4 protein 0.50 25
11457 FBpp0082284 falafel, isoform C 0.50 17
11412 FBpp0070643 CG3564-PA copii-coated vesicle membrane protein P24 0.50 72
11837 FBpp0074510 CG14211-PB dual-specificity protein phosphatase putative 0.49 30
11449 FBpp0074285 3-hydroxyacyl-CoA dehydrogenase type-2 hydroxyacyl dehydrogenase 0.49 68
11653 FBpp0085609 Mediator complex subunit 8 0.49 38
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11941 FBpp0085630 CG11208-PA 2-hydroxyphytanoyl-coa lyase 0.49 42
11914 FBpp0072495 CG13900-PB, isoform B spliceosomal protein sap 0.49 23
11889 FBpp0099977 CG1410-PA, isoform A GTP-binding protein lepa 0.49 30
11539 FBpp0074936 CG5589-PA DEAD box ATP-dependent RNA helicase 0.49 36
11471 FBpp0080509 Aminopeptidase P 0.49 52
11730 FBpp0086954 Chromatin remodelling complex
ATPase chain Iswi
0.49 20
11459 FBpp0080319 lethal (2) 35Df 0.49 21
11909 FBpp0078319 CG2051-PC, isoform C histone acetyltransferase type b catalytic subunit 0.49 38
11825 FBpp0070181 CG3704-PA xpa-binding protein 1 (mbdin) 0.49 34
12039 FBpp0085873 Late endosomal/lysosomal Mp1-interacting
protein homolog
0.49 51
11936 FBpp0086402 CG8386-PA ubiquitin-fold modifier conjugating enzyme 1 0.49 53
12037 FBpp0080062 Ski6 du, de [rrp46-B] 0.49 37
11918 FBpp0087402 Caf1-105 0.49 29
11636 FBpp0084013 Golgin-84 0.49 25
11500 FBpp0088794 CG33298-PB, isoform B phospholipid-transporting ATPase 1
(aminophospholipid flippase 1)
0.48 20
11566 FBpp0082288 neither inactivation nor afterpotential B 0.48 26
11784 FBpp0072058 Alpha-catenin-related, isoform B 0.48 21
12077 FBpp0077208 Exocyst complex component 2 0.48 33
11363 FBpp0083319 CG5434-PA (Srp72) Signal recognition particle 72 kDa protein 0.48 50
11465 AAEL000324-PA tyrosine-protein kinase drl 0.48 21
12017 FBpp0087867 Mlh1 0.48 26
11741 FBpp0079735 Vacuolar protein sorting protein 72 homolog 0.48 31
11621 FBpp0072711 CG12091-PA protein phosphatase 2c 0.48 48
11408 FBpp0082066 Interleukin enhancer-binding factor 2
homolog
interleukin enhancer binding factor 0.48 54
11720 AAEL002870-PA Dipeptidyl-peptidase 3 0.48 55
12101 FBpp0076771 CG10467-PA aldose-1-epimerase 0.48 42
11676 FBpp0075209 Signal sequence receptor du [signal sequence receptor,
beta precursor]
0.48 92
11644 FBpp0075535 Ral guanine nucleotide exchange factor 2,
isoform A
0.48 21
11352 FBpp0075513 Hsc70Cb, isoform C 0.48 50
11714 FBpp0089006 CG32626-PD, isoform D AMP deaminase 0.48 22
11833 FBpp0075151 multiprotein bridging factor, isoform B du [endothelial-differentiation-
related factor 1 isoform alpha]
0.48 74
11515 FBpp0083989 Dis3 0.48 32
11998 FBpp0078512 CG1126-PA Bardet-Biedl syndrome 5 0.48 17
11435 FBpp0086042 CG6401-PA glycosyltransferase 0.48 28
11790 FBpp0072468 CG6905-PA cell division control protein 0.48 19
11558 FBpp0071277 Zpr1 0.48 43
11862 FBpp0077203 CG31957-PA translation initiation factor 1A putative 0.48 34
12085 FBpp0086957 CG8632-PB, isoform B solute carrier family 30 (zinc transporter),
member 9
0.48 27
11469 FBpp0083440 Uridine 5'-monophosphate synthase orotidine-5'-phosphate decarboxylase,
putative
0.48 46
11474 FBpp0070180 CG3703-PA RUN domain containing 1 0.47 23
11443 FBpp0079162 CG7429-PA coiled-coil domain containing 53 0.47 32
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12022 FBpp0084411 CG5484-PC, isoform C Yip1 interacting factor homolog B 0.47 54
11551 FBpp0074964 CG6259-PA charged multivesicular body protein 5 0.47 55
11887 FBpp0070637 CG6133-PA NOL1/NOP2/Sun domain family, member 2 0.47 39
12058 FBpp0074616 FRG1 protein homolog 0.47 42
11533 FBpp0087458 CG12214-PA, isoform A tubulin-specific chaperone e 0.47 29
12104 FBpp0085393 CG7791-PA mitochondrial intermediate peptidase 0.47 34
11938 FBpp0083768 CG13827-PA peroxisomal biogenesis factor 11 gamma 0.47 27
12004 FBpp0071818 Hypothetical UPF0172 protein CG3501 0.47 38
11439 FBpp0085829 CG15087-PA chromosome 11 open reading frame2 0.47 28
11361 FBpp0082332 CG3061-PA DNA-J, putative 0.47 52
11779 FBpp0070924 COQ7 0.47 46
11421 FBpp0074715 anti-silencing factor 1 0.47 39
11626 FBpp0076459 CG7550-PA 2-aminoethanethiol (cysteamine) dioxygenase 0.47 26
11650 FBpp0080553 Putative conserved oligomeric Golgi
complex component 5
0.47 24
11715 FBpp0086992 CG18177-PB, isoform B 0.47 28
11981 FBpp0077333 CG3542-PB, isoform B U1 small nuclear ribonucleoprotein putative 0.46 37
11961 FBpp0084418 CG6420-PA WD-repeat protein 0.46 19
11517 FBpp0073082 CG14997-PB, isoform B sulfide quinone reductase 0.46 52
11957 FBpp0089113 Transcription elongation factor SPT5 0.46 15
11414 FBpp0079258 CG12375-PA metallo-beta-lactamase putative 0.46 47
11729 FBpp0079469 CG4537-PA cysteine-rich PDZ-binding protein 0.46 29
11807 FBpp0081556 Spermidine Synthase 0.46 47
11464 FBpp0079697 CG6415-PA aminomethyltransferase 0.46 39
12025 FBpp0082065 Aos1 0.46 41
11684 FBpp0083351 CG4159-PA pseudouridylate synthase 0.46 43
12036 FBpp0072421 Enhancer of bithorax, isoform C 0.46 14
11743 FBpp0071597 CG9865-PB, isoform B phosphatidylinositol glycan anchor biosynthesis,
class M (CG9865)
0.46 32
11452 FBpp0083214 Vacuolar ATP synthase subunit G 0.46 102
11770 FBpp0085121 39S ribosomal protein L32,
mitochondrial precursor
x 0.46 42
11856 FBpp0080638 CG12750-PA cell cycle control protein cwf22 0.46 28
11433 FBpp0079468 FK506-binding protein 59 0.46 57
11623 FBpp0075393 CG6859-PA perixosomal biogenesis factor 0.46 36
11493 FBpp0085258 CG1416-PC, isoform C AHA1, activator of heat shock 90kDa protein
ATPase homolog 1
0.46 50
11522 FBpp0072564 CG9153-PB, isoform B hect E3 ubiquitin ligase 0.46 36
11415 FBpp0072841 mitochondrial ribosomal protein S35 x 0.46 43
11374 FBpp0085363 SCAP 0.46 17
11365 FBpp0077150 Probable DNA replication complex GINS
protein PSF2
GINS complex subunit 2 (Psf2 homolog) 0.46 33
11367 FBpp0070302 Myb-interacting protein 130 0.46 20
11494 FBpp0079203 CG8506-PA zinc finger, FYVE domain containing 20 0.46 28
12001 FBpp0099494 C-1-tetrahydrofolate synthase, cytoplasmic 0.45 18
11977 FBpp0075120 CG4098-PA nudix hydrolase 6 0.45 27
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11947 FBpp0072946 CG11526-PB, isoform B family with sequence similarity 40, member A 0.45 20
11877 AAEL006769-PA tryptophanyl-tRNA synthetase 0.45 25
11670 FBpp0080918 CG2614-PA KIAA0859 0.45 34
11946 FBpp0079699 CG6443-PA chromosome 20 open reading frame 43 0.44 54
11453 FBpp0072961 CG14967-PA KIAA0100 0.44 18
11679 FBpp0077525 tho2 0.44 24
11943 FBpp0078358 CG12170-PA 3-oxoacyl-[acyl-carrier-protein] synthase 0.44 36
11664 FBpp0074808 CG3808-PA RNA m5u methyltransferase 0.44 40
11900 FBpp0073966 Clathrin heavy chain 0.44 18
11713 FBpp0073663 iodotyrosine dehalogenase iodotyrosine dehalogenase 0.44 17
11562 FBpp0079897 CG6746-PA ptpla domain protein 0.44 53
12086 FBpp0071031 Probable mitochondrial import receptor
subunit TOM40 homolog
0.44 54
11748 FBpp0087244 CG30022-PA beta lactamase domain 0.44 55
11655 FBpp0084069 tolkin, isoform B 0.44 16
11732 FBpp0084626 CG4849-PA 116 kDa U5 small nuclear ribonucleoprotein
component
0.44 17
11738 FBpp0081355 CG9630-PA DEAD box ATP-dependent RNA helicase 0.44 29
11505 FBpp0086380 CG8443-PA eukaryotic translation initiation factor 3 subunit
(eif-3)
0.43 16
11678 FBpp0072703 CG13926-PA chromosome 11 open reading frame 73 0.43 37
11466 FBpp0084779 ligatin 0.43 26
11906 FBpp0081810 CG6608-PB, isoform B mitochondrial carrier protein putative 0.43 32
11605 FBpp0076242 CG5026-PA, isoform A myotubularin 0.43 28
11445 FBpp0085923 adipose 0.43 25
11948 FBpp0071194 Probable U3 small nucleolar RNA-
associated protein 11
0.43 42
11901 FBpp0074131 Integrin alpha-PS2 precursor 0.43 17
11747 FBpp0073491 CG1824-PA lipid a export ATP-binding/permease
protein msba
0.43 26
11942 FBpp0099560 Protein retinal degeneration B 0.43 23
12119 FBpp0077133 CG17840-PA inositol 5-phosphatase 0.42 26
11818 FBpp0084478 CG5880-PA zinc finger, DHHC-type containing 16 0.42 26
11371 FBpp0077357 okra 0.42 23
11845 FBpp0071543 CG30390-PA coiled-coil domain containing 101 0.42 29
11397 FBpp0083272 Ire-1 Serine threonine-protein kinase
endoplasmic reticulum to nucleus signaling 2
0.42 19
11979 FBpp0083132 gatA 0.42 29
11510 FBpp0075990 1,2-dihydroxy-3-keto-5-methylthiopentene
dioxygenase
acireductone dioxygenase 0.42 53
12064 FBpp0083137 CG14290-PB brain protein 44-like 0.42 34
11472 FBpp0082817 CG16941-PA spliceosome associated protein 0.42 19
11532 FBpp0070299 CG14805-PA PAF acetylhydrolase 45 kDa subunit putative 0.42 42
11781 FBpp0073083 pavarotti 0.42 24
12124 FBpp0078448 Probable proteasome subunit beta type 4 ph, du, de, ba [psmb-N] 0.41 92
12100 AAEL010379-PA ATP-binding cassette transporter 0.41 16
12089 FBpp0072366 3-phosphoinositide-dependent protein
kinase 1
0.41 34
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12020 FBpp0075609 CG11267-PA heat shock protein putative du [Heat shock 10 kDa protein 1
(chaperonin 10)]
0.41 83
11599 FBpp0076280 CG5288-PC, isoform C galactokinase 0.41 41
11462 FBpp0087323 CG6751-PA WD-repeat protein 0.41 38
11492 FBpp0110411 conserved hypothetical protein 0.41 18
11949 FBpp0086399 CG8397-PA actin binding protein putative 0.41 60
11662 FBpp0075280 Homeotic gene regulator 0.41 22
11485 FBpp0083354 Elongin B du [elongin B isoform a] 0.41 57
11582 AAEL004330-PA conserved hypothetical protein 0.41 17





11986 FBpp0071155 Neuroglian precursor 0.41 15
11969 FBpp0070319 CG4199-PA, isoform A disulfide oxidoreductase 0.41 34
11486 FBpp0110523 nitrate, fromate, iron dehydrogenase 0.41 34
11765 AAEL011712-PA diacylglycerol kinase 0.41 12
11973 FBpp0075344 CG7650-PA viral IAP-associated factor putative 0.41 41
11994 FBpp0072767 CG8993-PA thioredoxin putative 0.41 61
11758 FBpp0076708 Transportin, isoform A 0.41 19
11682 FBpp0085071 Protein tailless 0.41 16
11638 FBpp0073725 CG1461-PA tyrosine aminotransferase 0.41 40
11661 FBpp0070304 CG3573-PA inositol polyphosphate 5-phosphatase 0.40 27
11746 FBpp0088517 CG5009-PA acyl-CoA oxidase 0.40 28
11933 FBpp0084307 CG4743-PA mitochondrial carrier protein 0.40 26
11475 FBpp0073983 Actin-like protein 13E 0.40 32
12052 FBpp0080894 cdc23 0.40 27
11689 FBpp0087297 BBS4 0.40 20
11717 FBpp0075685 Protein angel 0.40 24
12030 FBpp0072119 CG3735-PA chromosome 1 open reading frame 107 0.40 29
11999 FBpp0079776 CG6700-PA leukocyte receptor cluster (lrc) member 0.40 29
11888 FBpp0085589 CG11788-PA defective in sister chromatid cohesion 1 homolog 0.40 34
11780 FBpp0080922 Importin beta subunit 0.40 19
11568 FBpp0074481 CG12203-PA NADH: ubiquinone dehydrogenase putative du [NADH dehydrogenase
(ubiquinone) Fe-S protein 4]
0.40 72
11897 FBpp0082657 Mitochondrial import inner membrane
translocase subunit TIM16
0.40 43
11597 FBpp0087591 Protein preli-like 0.40 55
11540 FBpp0087891 CG8709-PA lipin 0.40 32
11648 FBpp0080807 Probable phosphomevalonate kinase 0.39 37
11950 FBpp0088810 Protein arginine N-methyltransferase
capsuleen
0.39 37
11554 FBpp0071033 Pyruvate dehydrogenase phosphatase
(CG12151-PA)
0.39 29
11468 FBpp0079547 Niemann-Pick Type C-1 0.39 24
11611 AAEL006321-PA 1-acylglycerol-3-phosphate acyltransferase 0.39 20
11967 FBpp0078711 CG12512-PA AMP dependent coa ligase 0.39 43
12072 FBpp0082148 CG5608-PA Vac14 homolog 0.39 33
11541 FBpp0079586 CG31715-PA myotrophin 0.39 37
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11968 FBpp0087979 Cytochrome b5 0.38 89
11395 FBpp0076789 Pole2 0.38 27
12117 FBpp0081376 Dihydroorotate dehydrogenase,
mitochondrial precursor
0.38 34
11927 FBpp0081157 CG1104-PA, isoform A 0.38 27
11359 FBpp0083514 DNA polymerase alpha catalytic subunit 0.38 17
11966 FBpp0082813 CG3534-PA xylulose kinase 0.38 30
11876 FBpp0074672 Translocase of outer membrane 20 0.38 67
11908 FBpp0079488 CG13126-PA methyltransferase 11 domain containing 1 0.38 30
11497 FBpp0110309 poly a polymerase 0.38 21
11401 FBpp0083840 CG10365-PA, isoform A ChaC, cation transport regulator homolog 1 0.38 38
11842 FBpp0073355 Probable signal peptidase complex
subunit 2
du [signal peptidase complex
subunit 2 homolog]
0.38 67
11791 FBpp0077447 CG9867-PA glycosyltransferase 0.38 29
11872 FBpp0078684 CG8891-PA inosine triphosphate pyrophosphatase (itpase)
(inosine triphosphatase)
0.37 37
11470 FBpp0084728 Protein kinase C 0.37 21
12095 FBpp0070301 mitochondrial ribosomal protein L16 x 0.37 41
12041 FBpp0074227 CG5800-PA DEAD box ATP-dependent RNA helicase 0.37 34
11923 FBpp0083244 CG4973-PA zinc finger protein putative 0.37 35
11885 FBpp0084711 CG1951-PA SCY1-like 2 0.37 21
11622 FBpp0083022 CG7146-PA vacuolar protein sorting 39 homolog 0.37 26
11498 FBpp0081588 CG9399-PA, isoform A brain protein 44 0.37 60
11353 FBpp0074004 CG32579-PA XK, Kell blood group complex subunit-related
family, member 6
0.37 21
11870 FBpp0079567 CG31717-PA phosphatidic acid phosphatase type 2
domain containing 2
0.37 39
11951 FBpp0077965 UPF0315 protein 0.37 43
11560 FBpp0078275 jagunal, isoform C 0.37 47
11690 FBpp0077209 Pdsw, isoform B 0.37 71
11777 FBpp0087085 DNA-directed RNA polymerase III 128 kDa
polypeptide
0.36 16
12091 FBpp0083854 Probable oligoribonuclease 0.36 36
11593 FBpp0081841 CG17187-PA DnaJ (Hsp40) homolog, subfamily C, member 17 0.36 33
11851 FBpp0071891 Arginine methyltransferase 7 0.36 34
11581 FBpp0073235 Putative 6-phosphogluconolactonase 6-phosphogluconolactonase 0.36 47
11481 FBpp0086877 CG4646-PA chromosome 1 open reading frame 123 0.36 36
12032 FBpp0083853 twister 0.35 17
11569 FBpp0081451 Adenosine deaminase 0.35 29
11703 FBpp0080628 CG15161-PA 0.35 21
11476 FBpp0071426 CG1826-PA BTB (POZ) domain containing 9 0.35 29
11749 FBpp0078844 CG9154-PA N-6 adenine-specific DNA methyltransferase
2 (putative)
0.35 34
11706 FBpp0082314 CG9588-PA 26S proteasome non-ATPase regulatory subunit 0.35 48
11612 FBpp0073995 CG3560-PA ubiquinol-cytochrome c reductase complex
14 kd protein
0.35 85
12034 FBpp0076111 Laminin gamma-1 chain precursor 0.35 18
11548 FBpp0074104 mitochondrial ribosomal protein L22 x 0.35 44
11620 FBpp0073585 Vesicular-fusion protein Nsf1 0.34 20
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11557 FBpp0079620 CG6206-PB, isoform B lysosomal alpha-mannosidase (mannosidase
alpha class 2b member 1)
0.34 42
11543 FBpp0089008 Adenine phosphoribosyltransferase 0.34 49
11602 AAEL007823-PA PIWI 0.34 18
12015 FBpp0085924 CG10914-PA 0.34 26
11931 FBpp0089163 Cleavage and polyadenylation specificity
factor, 160 kDa subunit
0.34 19
11696 FBpp0082172 Xanthine dehydrogenase 0.34 31
11399 FBpp0086640 DNA-directed RNA polymerase I largest
subunit
DNA-directed RNA polymerase I
largest subunit
0.33 20
12006 FBpp0080203 DNA mismatch repair protein spellchecker 1 0.33 22
11963 FBpp0086591 SMC2 0.33 23
11744 FBpp0073979 Graf, isoform A 0.33 25
11440 FBpp0078583 CG9804-PA lipoate-protein ligase b 0.33 29
11575 FBpp0084349 Dak1 0.33 56
11594 FBpp0086887 Tripeptidyl-peptidase 2 0.33 19
11832 FBpp0072460 Rhythmically expressed gene 2 protein 0.32 25
12113 FBpp0075106 Probable ATP-dependent RNA
helicase Dbp73D
0.32 32
11585 FBpp0071193 Hypothetical protein CG1785 0.32 41
11693 FBpp0083857 Putative succinate dehydrogenase
[ubiquinone] cytochrome b small subunit,
mitochondrial precursor
0.32 63
11985 FBpp0076589 Signal recognition particle 19 kDa protein srp19 0.32 50
11751 FBpp0081763 CG4511-PA viral IAP-associated factor putative 0.32 51
11595 FBpp0075755 lethal (3) neo18 du [NADH dehydrogenase
(ubiquinone) 1 beta subcomplex,
5, 16kDa precursor]
0.32 73
11633 FBpp0075399 Probable DNA mismatch repair protein
MSH6
0.32 25
12021 FBpp0072426 thoc7, isoform A 0.32 41
11410 FBpp0070403 Probable ATP-dependent RNA helicase ATP-dependent RNA helicase 0.31 20
12005 FBpp0080475 CG31739-PA aspartyl-tRNA synthetase 0.31 27
11658 FBpp0081860 mitochondrial ribosomal protein L40 x 0.31 46
11420 FBpp0082522 ATP synthase O subunit,
mitochondrial precursor
du [Mitochondrial ATP synthase,
O subunit precursor]
0.31 111
11503 FBpp0075148 CG33158-PB translation elongation factor
longation factor Tu GTP binding domain
containing 1 isoform 2
0.31 28
11819 FBpp0077251 CG33123-PA leucyl-tRNA synthetase 0.30 18
11504 FBpp0085690 CG11242-PA tubulin-specific chaperone b (tubulin
folding cofactor b)
0.30 48
11373 FBpp0078895 CG9542-PA arylformamidase 0.30 28
11430 FBpp0086226 Superoxide dismutase [Mn],
mitochondrial precursor
0.30 81
11879 FBpp0070639 CG6379-PA FtsJ methyltransferase domain containing 2 0.30 26
11702 FBpp0071916 CG11079-PC, isoform C 5-formyltetrahydrofolate cyclo-ligase 0.30 41
11537 FBpp0083226 CG4686-PA 0.30 51
11945 FBpp0073762 Probable mitochondrial 28S ribosomal
protein S25
x 0.29 45
12044 FBpp0073196 CG15014-PA THUMP domain containing 1 0.29 42
11800 FBpp0077399 Transportin-Serine/Arginine rich 0.29 23
12028 FBpp0077173 CG31961-PA, isoform A tubulin folding cofactor c 0.28 36
11873 AAEL011682-PA nuclear pore complex protein nup93 0.28 17
11907 FBpp0083650 Probable prefoldin subunit 5 0.27 63
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11519 FBpp0072615 CG9187-PA partner of sld5 0.27 32
11388 FBpp0087629 CG1884-PB, isoform B 0.27 16
11736 FBpp0084051 CG13625-PA BUD13 homolog 0.27 34
11812 FBpp0100031 Protein male-less ATP-dependent RNA helicase 0.26 26
11753 FBpp0079316 CG13397-PA alpha-n-acetylglucosaminidase 0.26 22
12055 FBpp0072456 Rev1 0.25 20
12027 AAEL011963-PA conserved hypothetical protein 0.25 18
11836 AAEL009888-PA WD-repeat protein 0.25 25
11665 AAEL004081-PA dj-1 protein 0.25 57
11995 FBpp0080305 CG15261-PA ribonuclease UK114 putative 0.24 70
11516 AAEL005494-PA conserved hypothetical protein 0.17 9
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gene11349g 0.63 0.75 gene11609g 0.85 0.92 x gene11868g 0.82 0.91
gene11350g 0.64 0.61 gene11610g 0.73 0.89 gene11869g 0.56 0.65 x
gene11351g 0.63 0.93 gene11611g 0.39 1.00 gene11870g 0.37 0.50
gene11352g 0.48 0.66 gene11612g 0.35 0.29 gene11871g 0.58 0.74
gene11353g 0.37 0.59 gene11613g 0.63 0.65 gene11872g 0.37 0.36
gene11354g 0.55 0.77 gene11614g 0.58 0.73 gene11873g 0.28 0.73
gene11355g 0.63 0.80 gene11615g 0.54 0.84 gene11874g 0.75 0.77 x
gene11356g 0.58 0.55 gene11616g 0.76 0.87 gene11875g 0.57 < 4 taxa
gene11357g 0.60 0.69 gene11617g 0.77 0.85 x gene11876g 0.38 0.46
gene11358g 0.59 0.68 gene11618g 0.47 0.49 x gene11877g 0.45 0.75
gene11359g 0.38 0 gene11619g 0.56 0.57 x gene11878g 0.58 0.84
gene11360g 0.57 1.00 gene11620g 0.34 1.00 gene11879g 0.30 0.88
gene11361g 0.47 0.70 gene11621g 0.48 0.66 gene11880g 0.63 0.80
gene11362g 0.88 0.89 x gene11622g 0.37 0.94 gene11881g 0.61 1.00
gene11363g 0.48 0.76 gene11623g 0.46 0.65 gene11882g 0.57 0.91
gene11364g 0.54 0.51 gene11624g 0.85 0.93 gene11883g 0.63 0
gene11365g 0.46 0.56 gene11625g 0.61 0.79 gene11884g 0.59 0.55
gene11366g 0.77 0.84 x gene11626g 0.47 0.44 gene11885g 0.37 0.80
gene11367g 0.46 0.91 gene11627g 0.72 0.81 gene11886g 0.50 0.72
gene11368g 0.63 0.75 gene11628g 0.67 0.74 gene11887g 0.47 0.80
gene11369g 0.41 < 4 taxa gene11629g 0.63 0.80 gene11888g 0.40 0.52
gene11370g 0.54 0.76 gene11630g 0.60 0 gene11889g 0.49 0.82
gene11371g 0.42 0.86 gene11631g 0.62 0.80 gene11890g 0.64 0.64
gene11372g 0.60 0.75 gene11632g 0.63 0.80 gene11891g 0.64 0.77
gene11373g 0.30 0.42 gene11633g 0.32 0.73 gene11892g 0.50 0.69
gene11374g 0.46 < 4 taxa gene11634g 0.76 0.88 x gene11893g 0.76 0.80
gene11375g 0.71 0.61 x gene11635g 0.78 0.75 x gene11894g 0.53 0.88
gene11376g 0.51 0.69 gene11636g 0.49 0.65 gene11895g 0.54 0.78
gene11377g 0.80 0.82 gene11637g 0.86 0.83 x gene11896g 0.61 0.83
gene11378g 0.63 0.75 x gene11638g 0.41 0.67 gene11897g 0.40 0.41
gene11379g 0.76 0.85 x gene11639g 0.77 0.75 x gene11898g 0.50 0.91
gene11380g 0.62 0.59 x gene11640g 0.73 0.76 gene11899g 0.91 0.95 x
gene11381g 0.58 0 gene11641g 0.69 0 gene11900g 0.44 0
gene11382g 0.55 0.91 gene11642g 0.74 0.77 x gene11901g 0.43 < 4 taxa
gene11383g 0.53 0.60 x gene11643g 0.59 0.88 gene11902g 0.84 0.90 x
gene11384g 0.75 0.73 gene11644g 0.48 0 gene11903g 0.61 0.82
gene11385g 0.74 0.89 x gene11645g 0.82 0.92 x gene11904g 0.52 0.66
gene11386g 0.64 0.68 x gene11646g 0.53 0.51 gene11905g 0.64 0.66
gene11387g 0.86 0.75 gene11647g 0.62 0.80 gene11906g 0.43 0.42
gene11388g 0.27 0 gene11648g 0.39 0.49 gene11907g 0.27 0.29
gene11389g 0.65 0.89 gene11649g 0.58 0.66 x gene11908g 0.38 0.76
gene11390g 0.60 0 gene11650g 0.47 0.66 gene11909g 0.49 0.66
gene11391g 0.55 0.63 x gene11651g 0.58 0.79 gene11910g 0.67 0.62 x
gene11392g 0.67 0.75 gene11652g 0.63 0.68 x gene11911g 0.72 0.71 x
gene11393g 0.76 0.78 x gene11653g 0.49 0.61 gene11912g 0.61 0.64
gene11394g 0.89 0.90 x gene11654g 0.59 0.74 gene11913g 0.61 0.75
gene11395g 0.38 0.90 gene11655g 0.44 0 gene11914g 0.49 0.87
gene11396g 0.60 0.76 gene11656g 0.56 0.88 gene11915g 0.54 0.65
gene11397g 0.42 0 gene11657g 0.58 0.65 gene11916g 0.65 0.85
gene11398g 0.80 0 gene11658g 0.31 0.36 gene11917g 0.74 0.75 x
gene11399g 0.33 0 gene11659g 0.50 0.86 gene11918g 0.49 0.88
gene11400g 0.56 0.75 gene11660g 0.74 0.81 gene11919g 0.63 0.63 x
gene11401g 0.38 0.39 gene11661g 0.40 0.90 gene11920g 0.58 0.85
gene11402g 0.70 0.82 gene11662g 0.41 1.00 gene11921g 0.73 0.90
gene11403g 0.67 0.75 gene11663g 0.61 0.70 gene11922g 0.61 0.81
gene11404g 0.54 0 gene11664g 0.44 0.64 gene11923g 0.37 0.67
gene11405g 0.83 0.97 gene11665g 0.25 0.31 gene11924g 0.92 0.92 x
gene11406g 0.73 0.93 gene11666g 0.60 0.70 gene11925g 0.59 0.84
gene11407g 0.59 0.68 gene11667g 0.65 0.75 gene11926g 0.60 0.80
gene11408g 0.48 0.66 gene11668g 0.57 0.54 gene11927g 0.38 0.83
gene11409g 0.53 0.82 gene11669g 0.50 0.62 gene11928g 0.62 0.68 x
gene11410g 0.31 0 gene11670g 0.45 0.66 gene11929g 0.60 0.74
gene11411g 0.74 0.86 x gene11671g 0.60 0.76 gene11930g 0.61 0.79
gene11412g 0.50 0.52 gene11672g 0.73 0.90 gene11931g 0.34 0
gene11413g 0.62 0.86 gene11673g 0.75 0.85 gene11932g 0.62 0.73
gene11414g 0.46 0.68 gene11674g 0.56 0.67 gene11933g 0.40 0.66
gene11415g 0.46 0.63 gene11675g 0.54 0.86 gene11934g 0.72 0.84
gene11416g 0.61 0.58 gene11676g 0.48 0.54 x gene11935g 0.67 0.89
gene11417g 0.88 0.86 gene11677g 0.59 1.00 gene11936g 0.49 0.52
gene11418g 0.67 0.77 gene11678g 0.43 0.45 gene11937g 0.54 0.79
gene11419g 0.69 0.79 gene11679g 0.44 0.94 gene11938g 0.47 0.58
gene11420g 0.31 0.37 gene11680g 0.78 0.87 gene11939g 0.62 0.80
gene11421g 0.47 0.41 gene11681g 0.75 0.83 x gene11940g 0.74 0.83
gene11422g 0.51 0.87 gene11682g 0.41 0 gene11941g 0.49 0.80
gene11423g 0.53 0.44 gene11683g 0.56 0.66 gene11942g 0.43 0.67
gene11424g 0.62 0.77 gene11684g 0.46 0.71 gene11943g 0.44 0.74
gene11425g 0.54 0.78 gene11685g 0.51 0.87 gene11944g 0.59 0.84
gene11426g 0.53 0.71 gene11686g 0.57 0.60 gene11945g 0.29 0.32
gene11427g 0.59 0.31 gene11687g 0.76 0.82 gene11946g 0.44 0.59
gene11428g 0.63 0.73 x gene11688g 0.50 0.59 gene11947g 0.45 1.00
gene11429g 0.69 0.77 gene11689g 0.40 0 gene11948g 0.43 0.62
gene11430g 0.30 0.39 gene11690g 0.37 0.34 gene11949g 0.41 0.50
gene11431g 0.52 0.58 gene11691g 0.55 0.87 gene11950g 0.39 0.74
gene11432g 0.64 0.78 gene11692g 0.59 0.72 gene11951g 0.37 0.41
gene11433g 0.46 0.56 gene11693g 0.32 0.31 gene11952g 0.50 0.63
gene11434g 0.54 0.93 gene11694g 0.59 < 4 taxa gene11953g 0.58 0.61
gene11435g 0.48 0.86 gene11695g 0.74 0.77 gene11954g 0.80 0.93
gene11436g 0.72 0.79 gene11696g 0.34 0.92 gene11955g 0.65 0.63
gene11437g 0.69 0.74 x gene11697g 0.50 0 gene11956g 0.76 0.91
gene11438g 0.58 0 gene11698g 0.52 0.68 gene11957g 0.46 < 4 taxa
gene11439g 0.47 0.72 gene11699g 0.51 0.66 gene11958g 0.87 0.85 x
gene11440g 0.33 0.56 gene11700g 0.74 0.84 gene11959g 0.54 0.64
gene11441g 0.53 0.56 gene11701g 0.62 0.72 gene11960g 0.59 0
gene11442g 0.83 0.83 gene11702g 0.30 0.44 gene11961g 0.46 0
gene11443g 0.47 0.61 gene11703g 0.35 0.60 gene11962g 0.75 0.87
gene11444g 0.53 0 gene11704g 0.55 0.78 gene11963g 0.33 1.00
gene11445g 0.43 0.78 gene11705g 0.62 0.54 gene11964g 0.62 < 4 taxa
gene11446g 0.54 0.70 gene11706g 0.35 0.46 gene11965g 0.75 0.69 x
gene11447g 0.60 1.00 gene11707g 0.61 0.59 x gene11966g 0.38 0.58
gene11449g 0.49 0.60 gene11708g 0.52 0.52 gene11967g 0.39 0.69
gene11450g 0.75 0.85 x gene11709g 0.65 0.80 gene11968g 0.38 0.37
gene11451g 0.66 0.71 x gene11710g 0.66 0.67 x gene11969g 0.41 0.77
gene11452g 0.46 0.46 gene11711g 0.63 0.66 x gene11970g 0.52 0.76





















gene11453g 0.44 0 gene11712g 0.64 0.92 gene11971g 0.64 0.80
gene11454g 0.72 0.79 x gene11713g 0.44 0.93 gene11972g 0.55 0.90
gene11455g 0.64 0.92 gene11714g 0.48 0.80 gene11973g 0.41 0.53
gene11456g 0.53 0.93 gene11715g 0.47 0.55 gene11974g 0.55 0.88
gene11457g 0.50 < 4 taxa gene11716g 0.65 0.80 gene11975g 0.63 0
gene11458g 0.54 0.76 gene11717g 0.40 0.49 gene11976g 0.65 0.65
gene11459g 0.49 1.00 gene11718g 0.70 0.89 gene11977g 0.45 0.77
gene11460g 0.86 0.91 x gene11719g 0.60 0.63 gene11978g 0.60 0.76
gene11461g 0.55 0.76 gene11720g 0.48 0.80 gene11979g 0.42 0.69
gene11462g 0.41 0.77 gene11721g 0.52 0.72 gene11980g 0.72 0.86
gene11463g 0.51 < 4 taxa gene11722g 0.54 1.00 gene11981g 0.46 0.86
gene11464g 0.46 0.68 gene11723g 0.51 0.73 gene11982g 0.50 0.83
gene11465g 0.48 0.89 gene11724g 0.52 0.53 gene11983g 0.77 0.79 x
gene11466g 0.43 0.77 gene11725g 0.56 0 gene11984g 0.60 0.56 x
gene11467g 0.54 1.00 gene11726g 0.73 0.89 gene11985g 0.32 0.35
gene11468g 0.39 0.74 gene11727g 0.60 0.60 gene11986g 0.41 0
gene11469g 0.48 0.74 gene11728g 0.65 0.60 gene11987g 0.57 0.68
gene11470g 0.37 1.00 gene11729g 0.46 0.44 gene11988g 0.67 0.83
gene11471g 0.49 0.70 gene11730g 0.49 0 gene11989g 0.78 0.87
gene11472g 0.42 0 gene11731g 0.59 0.62 gene11990g 0.72 0.84
gene11473g 0.50 0.56 gene11732g 0.44 0 gene11991g 0.75 0.79
gene11474g 0.47 0.47 gene11733g 0.68 0.76 gene11992g 0.61 0.70 x
gene11475g 0.40 0.82 gene11734g 0.57 0.65 gene11993g 0.66 0.71
gene11476g 0.35 0.91 gene11735g 0.90 0.91 x gene11994g 0.41 0.43
gene11477g 0.57 0.72 gene11736g 0.27 0.72 gene11995g 0.24 0.21
gene11478g 0.59 0.64 gene11737g 0.62 0.64 gene11996g 0.61 1.00
gene11479g 0.72 0.69 gene11738g 0.44 0.75 gene11997g 0.59 0.85
gene11480g 0.67 0.86 gene11739g 0.62 < 4 taxa gene11998g 0.48 0
gene11481g 0.36 0.38 gene11740g 0.50 0.81 gene11999g 0.40 0.75
gene11482g 0.67 0.81 gene11741g 0.48 0.71 gene12000g 0.59 0.82
gene11483g 0.60 0.76 gene11742g 0.62 0.86 gene12001g 0.45 0
gene11484g 0.84 0.89 x gene11743g 0.46 0.68 gene12002g 0.68 0.84
gene11485g 0.41 0.42 gene11744g 0.33 0.84 gene12003g 0.66 0.83
gene11486g 0.41 0.74 gene11745g 0.52 0.79 gene12004g 0.47 0.49
gene11487g 0.55 0.79 gene11746g 0.40 0.80 gene12005g 0.31 0.71
gene11488g 0.59 0.60 gene11747g 0.43 0.83 gene12006g 0.33 1.00
gene11489g 0.56 0.76 gene11748g 0.44 0.58 gene12007g 0.74 0.77
gene11490g 0.72 0 gene11749g 0.35 0.35 gene12008g 0.50 < 4 taxa
gene11491g 0.90 0.89 gene11750g 0.75 0.82 x gene12009g 0.84 0.91
gene11492g 0.41 0 gene11751g 0.32 0.38 gene12010g 0.67 0.76
gene11493g 0.46 0.67 gene11752g 0.58 < 4 taxa gene12011g 0.60 0.68
gene11494g 0.46 0.81 gene11753g 0.26 0.67 gene12012g 0.73 0.85 x
gene11495g 0.66 0.73 gene11754g 0.60 0.63 x gene12013g 0.60 0.66
gene11496g 0.77 0.93 gene11755g 0.82 0.60 gene12014g 0.61 0.75
gene11497g 0.38 0.60 gene11756g 0.52 0.62 gene12015g 0.34 0.83
gene11498g 0.37 0.35 gene11757g 0.66 0.77 gene12016g 0.61 0.94
gene11499g 0.63 0.63 x gene11758g 0.41 0 gene12017g 0.48 0.82
gene11500g 0.48 0 gene11759g 0.78 0.89 x gene12018g 0.65 0.79 x
gene11501g 0.63 0.65 gene11760g 0.82 0.87 x gene12019g 0.71 0.85 x
gene11502g 0.66 0.73 gene11761g 0.59 0.67 gene12020g 0.41 0.38
gene11503g 0.31 0.87 gene11762g 0.81 0.89 x gene12021g 0.32 0.38
gene11504g 0.30 0.30 gene11763g 0.74 0.90 gene12022g 0.47 0.61
gene11505g 0.43 < 4 taxa gene11764g 0.53 0.53 gene12023g 0.50 0.78
gene11506g 0.51 0 gene11765g 0.41 0 gene12024g 0.89 0.93
gene11507g 0.65 0.70 gene11766g 0.45 1.00 gene12025g 0.46 0.55
gene11508g 0.73 0 gene11767g 0.59 1.00 gene12026g 0.52 0.66
gene11509g 0.79 0.76 gene11768g 0.72 0.88 gene12027g 0.25 0.80
gene11510g 0.42 0.47 gene11769g 0.53 0.57 gene12028g 0.28 0.42
gene11511g 0.85 0.93 x gene11770g 0.46 0.48 gene12029g 0.65 0.70 x
gene11512g 0.60 0.70 gene11771g 0.63 < 4 taxa gene12030g 0.40 0.71
gene11513g 0.50 0.64 gene11772g 0.62 0.76 x gene12031g 0.63 0.61
gene11514g 0.75 0.72 x gene11773g 0.60 0.61 x gene12032g 0.35 0
gene11515g 0.48 0.87 gene11774g 0.56 0 gene12033g 0.69 0.69
gene11516g 0.17 < 4 taxa gene11775g 0.52 0.79 gene12034g 0.35 0
gene11517g 0.46 0.70 gene11776g 0.54 0.68 gene12035g 0.57 0.60 x
gene11518g 0.59 0.82 gene11777g 0.36 < 4 taxa gene12036g 0.46 < 4 taxa
gene11519g 0.27 0.21 gene11778g 0.53 0.57 x gene12037g 0.49 0.52
gene11520g 0.62 0.78 gene11779g 0.47 0.52 gene12038g 0.70 0.74
gene11521g 0.53 0.76 gene11780g 0.40 0 gene12039g 0.49 0.57
gene11522g 0.46 0.77 gene11781g 0.42 0.89 gene12040g 0.58 0.62 x
gene11523g 0.72 0.78 gene11782g 0.51 < 4 taxa gene12041g 0.37 0.82
gene11524g 0.59 0.79 gene11783g 0.81 0.87 gene12042g 0.62 0.73
gene11525g 0.64 0.83 gene11784g 0.48 0 gene12043g 0.52 0.86
gene11526g 0.52 1.00 gene11785g 0.70 < 4 taxa gene12044g 0.29 0.43
gene11527g 0.62 0 gene11786g 0.64 0.85 gene12045g 0.54 < 4 taxa
gene11528g 0.53 0.53 gene11787g 0.67 0.85 gene12046g 0.61 0.70
gene11529g 0.63 0.75 gene11788g 0.73 0.70 gene12047g 0.65 0.75 x
gene11530g 0.61 0.75 gene11789g 0.51 0.42 gene12048g 0.57 0.73
gene11531g 0.63 0.77 gene11790g 0.48 0 gene12049g 0.62 0.61
gene11532g 0.42 0.46 gene11791g 0.38 0.83 gene12050g 0.58 0.66
gene11533g 0.47 0.86 gene11792g 0.60 0.86 gene12051g 0.65 0.74
gene11534g 0.69 0.78 x gene11793g 0.42 0.41 x gene12052g 0.40 0.81
gene11535g 0.70 0.90 gene11794g 0.56 1.00 gene12053g 0.63 0.73
gene11536g 0.70 0.77 gene11795g 0.56 0.48 gene12054g 0.72 0.77
gene11537g 0.30 0.33 gene11796g 0.71 0.87 gene12055g 0.25 0
gene11538g 0.59 0.83 gene11797g 0.78 0.86 gene12056g 0.59 0.62
gene11539g 0.49 0.75 gene11798g 0.72 0.67 x gene12057g 0.64 0.80
gene11540g 0.40 0.83 gene11799g 0.63 0.81 gene12058g 0.47 0.61
gene11541g 0.39 0.43 gene11800g 0.29 0.70 gene12059g 0.68 0
gene11542g 0.74 0.89 gene11801g 0.64 0.66 gene12060g 0.75 0.79
gene11543g 0.34 0.40 gene11802g 0.67 0.72 gene12061g 0.92 0.93 x
gene11544g 0.56 0.77 gene11803g 0.81 0.86 gene12062g 0.61 0.77
gene11545g 0.66 0.75 gene11804g 0.56 0.62 gene12063g 0.55 0.84
gene11546g 0.54 0.52 gene11805g 0.67 0.85 gene12064g 0.42 0.42
gene11547g 0.86 0.88 x gene11806g 0.90 0.94 x gene12065g 0.74 0.75
gene11548g 0.35 0.43 gene11807g 0.46 0.57 gene12066g 0.61 < 0.04
gene11549g 0.70 0.77 gene11808g 0.66 0.69 gene12067g 0.53 1.00
gene11550g 0.56 < 4 taxa gene11809g 0.53 0.93 gene12068g 0.70 0.81
gene11551g 0.47 0.55 gene11810g 0.57 0 gene12069g 0.65 0.71
gene11552g 0.83 0.84 x gene11811g 0.52 0.56 x gene12070g 0.76 0.93
gene11553g 0.65 0.83 gene11812g 0.26 0.97 gene12071g 0.86 0.89 x
gene11554g 0.39 0.84 gene11813g 0.50 0.75 gene12072g 0.39 0.85
gene11555g 0.67 0.74 x gene11814g 0.66 0.70 gene12073g 0.83 0.87





















gene11556g 0.65 0.89 gene11815g 0.68 0.84 gene12074g 0.44 0.51 x
gene11557g 0.34 0.80 gene11816g 0.87 0.91 gene12075g 0.62 0.86
gene11558g 0.48 0.68 gene11817g 0.59 0 gene12076g 0.65 0.84
gene11559g 0.56 0.78 gene11818g 0.42 0.83 gene12077g 0.48 0.78
gene11560g 0.37 0.40 gene11819g 0.30 0 gene12078g 0.55 0.80
gene11561g 0.59 0.54 gene11820g 0.61 0.66 x gene12079g 0.59 0.63
gene11562g 0.44 0.47 gene11821g 0.72 0.81 gene12080g 0.59 0.60
gene11563g 0.70 0.74 x gene11822g 0.62 0.82 gene12081g 0.56 0.61 x
gene11564g 0.73 0.79 gene11823g 0.67 0.74 gene12082g 0.68 0.66
gene11565g 0.61 0.77 gene11824g 0.67 0.89 gene12083g 0.53 0.93
gene11566g 0.48 0.49 gene11825g 0.49 0.66 gene12084g 0.78 0.95
gene11567g 0.66 0.71 gene11826g 0.51 0.60 gene12085g 0.48 0.76
gene11568g 0.40 0.42 gene11827g 0.54 0.55 gene12086g 0.44 0.56
gene11569g 0.35 0.65 gene11828g 0.55 0.64 gene12087g 0.79 0.88
gene11570g 0.59 0.68 gene11829g 0.73 0.86 x gene12088g 0.70 0.94
gene11571g 0.63 0.78 gene11830g 0.65 0.88 gene12089g 0.41 0.85
gene11572g 0.70 0.83 gene11831g 0.63 0.82 gene12090g 0.57 0.66
gene11573g 0.68 0.79 gene11832g 0.32 0.64 gene12091g 0.36 0.54
gene11574g 0.64 0.84 gene11833g 0.48 0.46 gene12092g 0.62 0
gene11575g 0.33 0.44 gene11834g 0.59 0.86 gene12093g 0.57 0.62
gene11576g 0.62 0.73 gene11835g 0.55 0.69 gene12094g 0.59 0.64
gene11577g 0.69 0.70 gene11836g 0.25 0.83 gene12095g 0.37 0.41
gene11578g 0.72 0.82 gene11837g 0.49 0.73 gene12096g 0.52 0.66
gene11579g 0.54 0.57 gene11838g 0.68 0.74 gene12097g 0.76 0.86 x
gene11580g 0.65 0.66 x gene11839g 0.56 0.56 gene12098g 0.53 0.69
gene11581g 0.36 0.52 gene11840g 0.60 0.59 gene12099g 0.54 0.90
gene11582g 0.41 0.47 gene11841g 0.46 0.37 gene12100g 0.41 0.67
gene11583g 0.71 0.85 gene11842g 0.38 0.41 gene12101g 0.48 0.47
gene11584g 0.54 0.59 gene11843g 0.63 0.72 gene12102g 0.62 0.83
gene11585g 0.32 0.61 gene11844g 0.53 0.54 x gene12103g 0.61 0.63
gene11586g 0.54 0.86 gene11845g 0.42 0.64 gene12104g 0.47 0.79
gene11587g 0.73 0.71 x gene11846g 0.89 0.92 x gene12105g 0.67 0.80
gene11588g 0.65 0.85 gene11847g 0.59 0.66 x gene12106g 0.53 0.60
gene11589g 0.74 0.84 gene11848g 0.72 0.77 x gene12107g 0.60 0.76
gene11590g 0.53 0.67 gene11849g 0.65 0.63 x gene12108g 0.68 0
gene11591g 0.68 0.65 x gene11850g 0.77 0.80 gene12109g 0.58 0.87
gene11592g 0.52 0.89 gene11851g 0.36 0.83 gene12110g 0.59 0.83
gene11593g 0.36 0.56 gene11852g 0.50 0.81 gene12111g 0.56 0.72
gene11594g 0.33 0 gene11853g 0.64 1.00 gene12112g 0.63 0.70
gene11595g 0.32 0.31 gene11854g 0.66 0.87 gene12113g 0.32 0.75
gene11596g 0.52 0.64 gene11855g 0.71 0.76 gene12114g 0.52 0.76
gene11597g 0.40 0.54 gene11856g 0.46 0.81 gene12115g 0.57 0.70 x
gene11598g 0.64 0.89 gene11857g 0.66 0.79 gene12116g 0.52 0.66
gene11599g 0.41 0.70 gene11858g 0.56 0.86 gene12117g 0.38 0.73
gene11600g 0.60 0.79 gene11859g 0.69 0.77 gene12118g 0.80 0.89
gene11601g 0.52 0.75 gene11860g 0.81 0.93 gene12119g 0.42 0.90
gene11602g 0.34 0.83 gene11861g 0.54 0.60 gene12120g 0.67 0.79 x
gene11603g 0.68 0.75 gene11862g 0.48 0.61 gene12121g 0.73 0.75 x
gene11604g 0.67 0.74 gene11863g 0.58 0 gene12122g 0.45 0.52 x
gene11605g 0.43 1.00 gene11864g 0.74 < 4 taxa gene12123g 0.44 0.41 x
gene11606g 0.60 0 gene11865g 0.79 0.86 gene12124g 0.41 0.41
gene11607g 0.61 0.72 gene11866g 0.55 0.59
gene11608g 0.63 0.91 gene11867g 0.50 0
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Order Taxon Locality Collection date Collector Remarks
Pycnogonida Colossendeis sp. ANDEEP I Expedition, Ant XIX-3, Antarctica 29.01.2002 M. Raupach
Pycnogonida Nymphon stroemii Hinlopen Svalbard, Arctica 23.09.2003 d´Dudekem d´Acor
Notostraca Triops cancriformis Marchauen, Austria 2005 E. Eder
Diplostraca Daphnia cf. magna Bonn, Nord-Rhein-Westfalia, Germany 05.10.2005 B. v. Reumont
Bosmina sp. Tegler See, Berlin, Germany 2005 A. Braband
Ostracoda Heterocypris incongruens Hirschweiher, Röttgen, Nord-Rhein-Westfalia, Germany 2005 B. v. Reumont
Pontocypris mytiloides Wilhelmshaven, Niedersachsen, Germany 2007 B. v. Reumont
Cirripedia Semibalanus balanoides Horumersiel, Niedersachsen, Germany 2007 B. v. Reumont
Pollicipes pollicipes Ferrol supermercado, Galicia, Spain 2006 B. v. Reumont
Branchiura Argulus cf. foliaceus Sweden 2007 D. Waloßek
Mystacocarida Derocheilocaris typicus Playa dos ninos, Ferrol, Galicia, Spain 2006 B. v. Reumont
Copepoda Tigriopus cf. fulvus Galicia, Spain 2006 B. v. Reumont
Canuella perplexa Hooksiel, Niedersachsen, Germany 09.05.2006 B. v. Reumont
Remipedia Speleonectes tulumensis Cenote Eden, Puerto Aventuras, Quintana Roo, Mexico 2006 S. Koenemann
Leptostraca Nebalia sp. Ferrol, Galicia, Spain 2006 B. v. Reumont
Pentastomida Railltietiella sp. Asia, host: Hemidactylus cf. frenatus 2007 B. v. Reumont
Chilopoda Craterostigmus tasmanianus Tasmania, Australia
Lithobius forficatus Breitenfurt near Vienna, backyard, Niederösterreich, Austria 28.07.2004 N. Szucsich
Diplopoda Polyxenus lagurus Bonn-Plittersdorf, graveyard, Nord-Rhein-Westfalia, Germany 31.05.2005 B. Huber
Monographis sp. Shanghai, China 2005 Y. Yang
Polydesmus complanatus Breitenfurt near Vienna, Niederösterreich, Austria November 2006 N. Szucsich
Cylindroiulus caeruleocinctus Breitenfurt near Vienna, urban area, Niederösterreich, Austria 23.10.2004 N. Szucsich
Pauropoda Pauropodidae sp. Panzergraben, Neusiedl am See, Burgenland, Austria 26.04.2006 D. Bartel, N. Szucsich
Protura Acerentomon franzi Lavanttal, Kärnten, Austria 09.10.2005 M. Walzl
Baculentulus densus Shinkoji, Sanada, Udea Nagano, Japan 05.05.2006 R. Machida, M. Fikui
Eosentomon sp. Lavanttal, Kärnten, Austria 09.10.2005 M. Walzl
Eosentomon sakura Zhanjiang Guangdong, China 2002 Y. Luan, Y. Yang
Sinentomon erythranum Suzhou Jiangsu and Hangzhou Zhejiang, China 2002 - 2006 Y. Luan, Y. Yang
Diplura Campodea augens Breitenfurt near Vienna, forest, Niederösterreich, Austria 01.08.2004 N. Szucsich
Lepidocampa weberi Shinoda, Shizuoka, Japan 20.03.2006 K. Sekiya, R. Machida
Catajapyx aquilonaris Leopoldsberg XIX. Bezirk, Vienna, Austria 11.11.2004 M. Hable
Parajapyx emeryanus Shanghai, China 2005 Y. Luan, Y. Yang
Octostigma sinensis Zhanjiang Guangdong, China 2002 Y. Yang
Collembola Tetrodontophora bielanensis Görlitz, Sachsen, Germany 2006 W. Dunger
Gomphiocephalus hodgsoni Victoria Land, Antarcica F. Frati
Billobella aurantiaca Feniglia, Grosseto, Toscana, Italy 2000 E. Dell'Ampio
Anurida maritima Livorno, Toscana, Italy R. Dallai 28S
Anurida maritima Texel, ferryport, Noord-Nederland, Netherlands 30.08.2006 K. Meusemann 18S
Podura aquatica XXII. Bezirk, Vienna, Austria 27.08.2004 M. Sztatecsny, N. Szucsich 28S
Podura aquatica T Hoorntje South Texel, Noord-Nederland, Netherlands 30.08.2006 M. Berg 18S
Cryptopygus antarcticus Killingbeck Island, Antarcica A. Carapelli 28S
Cryptopygus antarcticus King Georg Islands, Antarcica 2005 M. Raupach 18S
Isotoma viridis Rheinbach, Nord-Rhein-Westfalia, Germany 13./14.02.2006 H. Kliebhan
Orchesella villosa Montalbuccio, Toscana, Italy 15.09.2004 E. Dell'Ampio
Pogonognathellus flavescens Breitenfurt near Vienna, Niederösterreich, Austria 01.08.2004 N. Szucsich
Megalothorax minimus Vienna, Austria 27.04.2004, 18.05.2005 N. Szucsich
Sminthurus viridis Breitenfurt near Vienna, Niederösterreich, Austria 05.08.2004 N. Szucsich
Allacma fusca Feniglia, Toscana, Italy Autumn 2005 P. P. Fanciulli
Dicyrtomina saundersi Siena, Toscana, Italy P. P. Fanciulli
Archaeognatha Machilis hrabei Leopoldsberg XIX. Bezirk, Vienna, Austria 02.09.2005 N. Szucsich
Lepismachilis y-signata XIII. Bezirk, Vienna, Austria 14.08.2004 N. Szucsich
Pedetontus okajimae Shimoda, Shizuoka, Japan 20.03.2006 R. Machida
Zygentoma Lepisma saccharina VIII. Bezirk, Vienna, Austria 24.10.2004 W. Moser 28S
Lepisma saccharina Burscheid, Nord-Rhein-Westfalia, Germany 01.11.2005 J. Dambach 18S
Ctenolepisma longicaudata Espririto Santo, Brazil









Ephemeroptera Epeorus sylvicola Natural History Museum Prague, Czechia June 2005
Siphlonura aestivalis Natural History Museum Prague, Czechia August 2005
Blatteria Ectobius lapponicus Hannover Niedersachsen Germany June 2006 A. Melber
Auchenorrhyncha Cercopis vulnerata Hannover Niedersachsen Germany June 2006 A. Melber
Coleoptera Silpha obscura Hannover Niedersachsen Germany June 2006 A. Melber
Heteroptera Pyrrhocoris apterus Hannover, Niedersachsen, Germany June 2006 A. Melber
Rhaphigaster nebulosa Hannover, Niedersachsen, Germany November 2006 A. Melber
Harocera thoracica Hannover, Niedersachsen, Germany April 2006 A. Melber
Hymenoptera Nomada sp. Hannover, Niedersachsen, Germany April 2006 S. Simon
Scolia sp Tunisia April 2006 S. Sagasser
Tenthredinidae sp. Hannover, Niedersachsen, Germany June 2006 A. Melber
Lepidoptera Pieris napi Hannover, Niedersachsen, Germany July 2006 A. Melber
Mantophasmatodea Mantophasma zephyra breed, South Africa 2005 R. Predel
Tyrannophasma gladiator breed, South Africa 2006 R. Predel
Dermaptera Forficula auricularia Hannover, Niedersachsen, Germany July 2006 A. Melber
Mantodea Hierodula membranacea breed, Germany 2006
Phasmatodea Carausius morosus breed, India 2004 A. Melber
Bacillus rossius Tunisia April 2006 S. Sagasser
Mecoptera Boreus hyemalis Soltau, Niedersachsen, Germany November 2005 A. Melber
Orthoptera Anacridium aegypticum Tunisia April 2006 S. Sagasser
Leptophyes punctatissima Hannover, Niedersachsen, Germany June 2006 A. Melber
Pholidoptera griseoaptera Hannover, Niedersachsen, Germany July 2006 A. Melber
Plecoptera Isoperla sp. Natural History Museum Prague, Czechia July 2005
Nemoura flexuosa Natural History Museum Prague, Czechia August 2005
Siphonaptera Ctenocephalides felis breed, Germany 2006 C. Epe
Trichoptera Triaenodes sp. Hannover, Niedersachsen, Germany September 2006 S. Simon
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Order Taxon Accession number 28S rRNA length 28S rRNA (bp) Accession number 18S rRNA length 18S rRNA (bp)
Arachnida Amblyomma americanum AF291874 4005 AF291874 1815
Dermacentor sp. * AY859582 3920 L76340 1784
Chalocheiridius cf. termitophilus AY859558 3394 AY859559 1773
Pandinus imperator AY210830 3777 AY210831 1762
Siro rubens AY859602 3762 U36998 1809
Eremobates sp. AY859572 3833 AY859573 1767
Aphonopelma hentzi * AY210803 3819 DQ639776 1750
Misumenops asperatus AY210461 3467 AY210445 1786
Mastigoproctus giganteus AY859587 3796 AF005446 1790
Paraphrynus sp. AY859594 3785 AF005445 1777
Xiphosura Limulus polyphemus AF212167 3772 L81949 1807
Pycnogonida Callipallene sp. AY210807 3900 AF005439 1817
Colossendeis sp. EU420133 ** (v. Reumont) 3864 EU420135 ** (v. Reumont) 1798
Anoplodactylus portus AY859550 3893 AY859551 1809
Nymphon stroemii EU420134 ** (v. Reumont) 3818 EU420136 ** (v. Reumont) 1825
Anostraca Artemia sp. * AY210805 3628 AJ238061 1809
Notostraca Triops cancriformis EU370435 ** (v. Reumont) 3420 EU370422 ** (v. Reumont) 1784
Triops longicaudatus AY157606 3458 AF144219 1809
Diplostraca Daphnia cf. magna EU370436 ** (v. Reumont) 3823 EU370423 ** (v. Reumont) 2291
Bosmina sp. * EU370437 ** (v. Reumont) 3332 Z22731 1875
Eulimnadia texana AY859574 3665 AF144211 1813
Ostracoda Heterocypris incongruens EU370438 ** (v. Reumont) 3279 EU370424 ** (v. Reumont) 1786
Pontocypris mytiloides EU370439 ** (v. Reumont) 3672 EU370425 ** (v. Reumont) 1897
Cirripedia Semibalanus balanoides EU370440 ** (v. Reumont) 3274 EU370426 ** (v. Reumont) 1847
Megabalanus californicus AY859588 3720 AY520632 1812
Pollicipes pollicipes EU370441 ** (v. Reumont) 3549 EU370427 ** (v. Reumont) 1852
Branchiura Argulus foliaceus EU370442 ** (v. Reumont) 3512 EU370428 ** (v. Reumont) 1851
Mystacocarida Derocheilocaris typicus EU370443 ** (v. Reumont) 3663 EU370429 ** (v. Reumont) 2171
Copepoda Cyclopidae sp. * AY210813 3536 AJ746334 1808
Chondracanthus lophii DQ180341 3465 L34046 1810
Tigriopus cf. fulvus EU370444 ** (v. Reumont) 3532 EU370430 ** (v. Reumont) 1792
Canuella perplexa EU370445 ** (v. Reumont) 3462 EU370432 ** (v. Reumont) 1573
Lepeophtheirus salmonis DQ180342 3692 AF208263 1799
Remipedia Speleonectes tulumensis EU370446 ** (v. Reumont) 3797 EU370431 ** (v. Reumont) / L81936 1302 / 1965
Cephalocarida Hutchinsoniella macracantha EF189645 2480 L81935 2018
Leptostraca Nebalia sp. EU370447 ** (v. Reumont) 3519 EU370433 ** (v. Reumont) 1789
Anaspidacea Anaspides tasmaniae AY859549 3997 L81948 1827
Mysidacea Heteromysis sp. AY859578 3400 AY743946 1724
Decapoda Homarus americanus AY859581 4351 AY743945 1758
Penaeus vannamei * AF124597 5820 DQ079766 1781
Stomatopoda Squilla empusa AY210842 3913 L81946 1817
Pentastomida Raillietiella sp. * EU370448 ** (v. Reumont) / AY744894 1286 / 1983 EU370434 ** (v. Reumont) 1814
Chilopoda Craterostigmus tasmanianus EU376009 ** (Bartel) 4024 EU368617 ** (Meusemann) 1786
Otostigmus politus DQ666180 4170 DQ666177 1868
Scolopendra mutilans DQ666181 4174 DQ666178 1848
Scutigera coleoptrata AY859601 4024 AF000772 1865
Lithobius forficatus EF199984 3913 EU368618 ** (Meusemann) 1752
Diplopoda Polyxenus lagurus EU376011 ** (Bartel) 3967 EU368619 ** (Meusemann) 1733
Monographis sp. EF192437 ** (Bartel / Luan) 3866 AY596371 1744
Paradoxosomatidae sp. DQ666182 4288 DQ666179 1797
Polydesmus complanatus EU376010 ** (Bartel) 4271 EU368620 ** (Meusemann) 1689
Cherokia georgiana AY859562 4225 AY859563 1781
Orthoporus sp. AY210828 4124 AY210829 1791
Cylindroiulus caeruleocinctus EF199985 4084 EU368621 ** (Meusemann) 1753
Pauropoda Allopauropus sp. DQ666185 4406 DQ399857 2227
Pauropodidae sp. EU376012 ** (Bartel) 4238 EU368622 ** (Meusemann) 2250
Symphyla Scutigerella sp. DQ666184 4471 DQ399856 1902
Hanseniella sp. AY210821-22 4539 AY210823 1925
Symphylella sp. DQ666183 4558 DQ399855 2057
Protura Acerentomon franzi EF199976 4099 EU368597 ** (Meusemann) 1790
Baculentulus densus * EU376049 4100 AY037169 1984
Eosentomon sp. EU376047 ** (Dell'Ampio) 3654 EU368598 ** (Meusemann) 1860
Eosentomon sakura EF192434 ** (Dell'Ampio / Luan) 3789 AY596355 1948
Sinentomon erythranum EF192442 ** (Dell'Ampio / Luan) 4043 AY596358 1934
Diplura Campodeidae sp. AY859560 3718 AY859561 1866
Campodea augens EF199977 4010 EU368599 ** (Meusemann) 1788
Lepidocampa weberi EU376050 4061 AY037167 1878
Catajapyx aquilonaris EF199978 5016 EU368600 ** (Meusemann) 2154
Parajapyx emeryanus EF192440 ** (Dell'Ampio / Luan) 4143 AY037168 2120
Octostigma sinensis EF192439 ** (Dell'Ampio / Luan) 4001 AY145134 2138
Collembola Tetrodontophora bielanensis EU376051 3868 AY555519 1760
Gomphiocephalus hodgsoni EF199969 3893 EU368601 ** (Meusemann) 1746
Triacanthella sp. AY859609 3823 AY859610 1758
Bilobella aurantiaca AJ251729 3934 EU368602 ** (Meusemann) 1759
Anurida maritima AJ251738 3965 EU368603 ** (Meusemann) 1680
Podura aquatica EF199970 3899 EU368604 ** (Meusemann) 1696
Cryptopygus antarcticus EF199971 3862 EU368605 ** (Meusemann) 1724
Isotoma viridis EU376052 3866 AY596361 1748
Orchesella villosa EF199972 3867 EU368606 ** (Meusemann) 1739
Pogonognathellus flavescens EU376053 3874 EU368607 ** (Meusemann) 1688
Megalothorax minimus EF199975 3868 EU368608 ** (Meusemann) 1703
Sminthurus viridis EF199973 3912 EU368609 ** (Meusemann) 1695
Allacma fusca EU376054 3877 EU368610 ** (Meusemann) 1759
Dicyrtomina saundersi EF199974 3871 EU368611 ** (Meusemann) 1739
Archaeognatha Machilis hrabei EF199981 3750 EU368612 ** (Meusemann) 1703
Lepismachilis y-signata EF199980 3826 EU368613 ** (Meusemann) 1679
* indicates concatenated 18S and 28S rRNA sequences from different species; ** contributed sequences in the present study (author of sequences).
✶✾✵ ❆♣♣❡♥❞✐① ❆✳ ❙✉♣♣❧❡♠❡♥H❛M② ■♥❢♦M♠❛H✐♦♥
❚❛❜❧❡ ❆✳✽ ❝♦♥?✐♥✉❡❞
Order Taxon Accession number 28S rRNA length 28S rRNA (bp) Accession number 18S rRNA length 18S rRNA (bp)
Pedetontus okajimae EU376055 3800 EU368614 ** (Meusemann) 1742
Zygentoma Lepisma saccharina EU376048 ** (Dell'Ampio) 3506 EU368615 ** (Meusemann) 1703
Ctenolepisma longicaudata AY210810 3907 EU368616 ** (Meusemann) 1744
Odonata Brachytron pratense EU424323 ** (Letsch) 3738 AF461232 1737
Aeshna juncea EU424324 ** (Letsch) 3736 AF461231 1767
Oxygastra curtisi EU424325 ** (Letsch) 3736 DQ008194 1787
Cordulia aenea EU424326 ** (Letsch) 3795 AF461236 1768
Somatochlora flavomaculata EU424327 ** (Letsch) 3795 AF461242 1757
Epiophlebia superstes EU424328 ** (Letsch) 3736 AF461247 1835
Progomphus obscurus EU424329 ** (Letsch) 3756 AY749909 1843
Sympetrum danae EU424330 ** (Letsch) 3756 AF461243 1754
Leucorrhinia sp. AY859583 4114 AY859584 1815
Lestes viridis EU424331 ** (Letsch) 3747 AJ421949 1867
Ephemeroptera Callibaetis ferrugineus AY859557 3887 AF370791 1812
Epeorus sylvicola * EU414715 ** (Simon) 3680 AY749837 1808
Siphlonura aestivalis * EU414716 ** (Simon) 4151 DQ008181 1784
Phasmatodea Carausius morosus EU426878 ** (Simon) 3737 X89488 1899
Bacillus rossius EU426879 ** (Simon) 3889 AY121180 1891
Mantophasmatodea Mantophasma zephyra * EU414719 ** (Simon) 3383 DQ874153 2018
Tyrannophasma gladiator EU426875 ** (Simon) 3878 AY521863 2074
Mantodea Mantis religiosa AY859585 3990 AY491153 1734
Hierodula membranacea * EU414720 ** (Simon) 3603 AY491194 1734
Blatteria Gromphadorhina laevigata AY210819 4015 AY210820 1877
Ectobius lapponicus EU426877 ** (Simon) 4006 DQ874125 1808
Blattella germanica AF005243 3931 AF005243 1964
Isoptera Zootermopsis angusticollis AY859614 4183 AY859615 1873
Dermaptera Forficula auricularia EU426876 ** (Simon) 4016 Z97594 1873
Plecoptera Isoperla sp * EU414717 ** (Simon) 4299 AF461256 2054
Nemoura flexuosa * EU414718 ** (Simon) 3256 AF461257 1763
Heteroptera Pyrrhocoris apterus * EU414725 ** (Simon) 3389 AY627318 1829
Rhaphigaster nebulosa EU426880 ** (Simon) 3983 X89495 1924
Harocera thoracica * EU414726 ** (Simon) 3405 AY252388 1895
Auchenorrhyncha Cercopis vulnerata * EU414724 ** (Simon) 3615 AY744798 1856
Hemiptera Clastoptera obtusa AF304569 3201 AY744784 1859
Pectinariophyes reticulata AF304570 3259 AY744778 1848
Orthoptera Gomphocerinae sp AY859546 4187 AY859547 1864
Anacridium aegypticum * EU414723 ** (Simon) 3819 AY379759 1833
Acheta domesticus AY859544 4092 X95741 1802
Leptophyes punctatissima * EU414721 ** (Simon) 3918 AY521867 1897
Pholidoptera griseoaptera * EU414722 ** (Simon) 3950 Z97587 1884
Coleoptera Tenebrio sp * AY210843 4459 X07801 2083
Silpha obscura EU426881 ** (Simon) 2783 AJ810737 1930
Hymenoptera Myrmecia croslandi AB052895 3460 AB121786 1766
Vespula pensylvanica AY859612 3912 AY859613 1871
Nomada sp. * EU414727 ** (Simon) 3386 AY703484 1854
Scolia sp. * EU414728 ** (Simon) 3405 EF012932 1851
Tenthredinidae sp. * EU414729 ** (Simon) 3472 AF423781 1836
Siphonaptera Ctenocephalides felis * EU414732 ** (Simon) 3333 AF423914 1878
Mecoptera Merope tuber DQ202351 3736 AF286287 1886
Boreus hyemalis EU426882 ** (Simon) 3534 AF423882 1881
Lepidoptera Pieris napi * EU414731 ** (Simon) 3743 AF423785 1856
Trichoptera Oxyethira rossi * DQ202352 3869 AF423801 1848
Triaenodes sp. * EU414730 ** (Simon) 3095 AF286300 1897
Diptera Acricotopus lucens AJ586562 3910 AJ586561 1939
Chironomus tentans X99212 3973 X99212 1528
Anopheles albimanus L78065 4022 L78065 1977
Aedes albopictus L22060 4102 X57172 1950
Drosophila melanogaster M21017 3900 M21017 1995
Simulium sanctipauli AF403805 3733 AF403800 1912
Onyphora Peripatus sp. AY210836 3297 AY210837 2476
Peripatoides novaezealandiae AF342793 4570 AF342794 2064
Tardigrada Milnesium sp. * AY210826 3579 U49909 1844
* indicates concatenated 18S and 28S rRNA sequences from different species; ** contributed sequences in the present study (author of sequences).
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Prof ile Taxa Temperature prof ile Number of cycles Gene Thermocycler Remarks / Primer specif icat ion
Depending on fragments and taxa the
1st annealing temperature varied from
60°C-45°C or 55°C-40°C or 50°C-35°C.







1 AH, My, Cr 94°C 3:00 min 18S, 28S
94°C 0:35 min 15 cycles
60°C 0:30 min, TD -1°C to 45°C
72°C 1:30 min










2 AH, My 95°C 15:00 min 18S
94°C 0:35 min 15 cycles
60°C 1:30 min, TD -1°C to 45°C
72°C 1:30 min







3 AH, My 95°C 5:00 min 28S







4 AH, My 95°C 5:00 min 28S
95°C 0:30 min 20 cycles
45°C 0:30 min
72°C 0:45 min







5 AH, My 95°C 5:00 min 28S
95°C 1:00 min 10 cycles
56°C 1:00 min
72°C 1:00 min





M13Rv/M13Fw PCR after picking clonesPRIMUS 96 ADVANCED
GRADIENT (peqLab)
6 Pau 94°C 4:00 min 28S
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L❛①♦♥ ❧✐NL❡❞ ❛N ✷✽❙ P❘◆❆ ✶✽❙ P❘◆❆
❉❡O♠❛❝❡♥M♦O K♣✳ ∗ ❉❡O♠❛❝❡♥M♦O K♣✳ ❉❡O♠❛❝❡♥M♦O ❛♥❞❡ON♦♥✐
❆♣❤♦♥♦♣❡❧♠❛ ❤❡♥M③✐ ∗ ❆♣❤♦♥♦♣❡❧♠❛ ❤❡♥M③✐ ❆♣❤♦♥♦♣❡❧♠❛ O❡✈❡ON✉♠
❆OM❡♠✐❛ K♣✳ ∗ ❆OM❡♠✐❛ K♣✳ ❆OM❡♠✐❛ ❢O❛♥❝✐N❝❛♥❛
❇♦N♠✐♥❛ K♣✳ ∗ ❇♦N♠✐♥❛ K♣✳ ❇♦N♠✐♥❛ ❧♦♥❣✐O♦NMO✐N
❈②❝❧♦♣✐❞❛❡ K♣✳ ∗ ❈②❝❧♦♣✐❞❛❡ K♣✳ ▼❛❝O♦❝②❝❧♦♣N ❛❧❜✐❞✉N
^❡♥❛❡✉N ✈❛♥♥❛♠❡✐ ∗ ^❡♥❛❡✉N ✈❛♥♥❛♠❡✐ ^❡♥❛❡✉N N❡♠✐N✉❧N❛M✉N
❘❛✐❧❧✐❡M✐❡❧❧❛ K♣✳ ∗ ❘❛✐❧❧✐❡M✐❡❧❧❛ K♣✳ ❘❛✐❧❧✐❡M✐❡❧❧❛ K♣✳
❇❛❝✉❧❡♥M✉❧✉N ❞❡♥N✉N ∗ ❇❛❝✉❧❡♥M✉❧✉N ❞❡♥N✉N ❇❛❝✉❧❡♥M✉❧✉N M✐❛♥♠✉N❤❛♥❡♥N✐N
❊♣❡♦O✉N N②❧✈✐❝♦❧❛ ∗ ❊♣❡♦O✉N N②❧✈✐❝♦❧❛ ❊♣❡♦O✉N ❧♦♥❣✐♠❛♥✉N
❙✐♣❤❧♦♥✉O❛ ❛❡NM✐✈❛❧✐N∗ ❙✐♣❤❧♦♥✉O❛ ❛❡NM✐✈❛❧✐N ❙✐♣❤❧♦♥✉O❛ ❝O♦❛M✐❝✉N
▼❛♥M♦♣❤❛N♠❛ ③❡♣❤②O❛ ∗ ▼❛♥M♦♣❤❛N♠❛ ③❡♣❤②O❛ ▼❛♥M♦♣❤❛N♠❛ ❝❢✳ ③❡♣❤②O❛
❍✐❡O♦❞✉❧❛ ♠❡♠❜O❛♥❛❝❡❛ ∗ ❍✐❡O♦❞✉❧❛ ♠❡♠❜O❛♥❛❝❡❛ ❍✐❡O♦❞✉❧❛ N❝❤✉❧M③❡✐
■N♦♣❡O❧❛ K♣✳ ∗ ■N♦♣❡O❧❛ K♣✳ ■N♦♣❡O❧❛ ♦❜N❝✉O❛
◆❡♠♦✉O❛ ✢❡①✉♦N❛ ∗ ◆❡♠♦✉O❛ ✢❡①✉♦N❛ ◆❡♠♦✉O❛ ❝✐♥❡O❡❛
^②OO❤♦❝♦O✐N ❛♣M❡O✉N ∗ ^②OO❤♦❝♦O✐N ❛♣M❡O✉N ❉②N❞❡O❝✉N ♣♦❡❝✐❧✉N
❍❛O♦❝❡O❛ M❤♦O❛❝✐❝❛ ∗ ❍❛O♦❝❡O❛ M❤♦O❛❝✐❝❛ ^♦❧②♠❡O✉N ❝❛NM✐❧❧❡❥❛
❈❡O❝♦♣✐N ✈✉❧♥❡O❛M❛ ∗ ❈❡O❝♦♣✐N ✈✉❧♥❡O❛M❛ ▼❛❤❛♥❛O✈❛ ❝♦NM❛O✐❝❡♥N✐N
❆♥❛❝O✐❞✐✉♠ ❛❡❣②♣M✐❝✉♠ ∗ ❆♥❛❝O✐❞✐✉♠ ❛❡❣②♣M✐❝✉♠ ❆❝O✐❞❛ ❝✐♥❡O❡❛
▲❡♣M♦♣❤②❡N ♣✉♥❝M❛M✐NN✐♠❛ ∗ ▲❡♣M♦♣❤②❡N ♣✉♥❝M❛M✐NN✐♠❛ ▼✐❝O♦❝❡♥MO✉♠ O❤♦♠❜✐❢♦❧✐✉♠
^❤♦❧✐❞♦♣M❡O❛ ❣O✐N❡♦❛♣M❡O❛ ∗ ^❤♦❧✐❞♦♣M❡O❛ ❣O✐N❡♦❛♣M❡O❛ ❚❡MM✐❣♦♥✐❛ ✈✐O✐❞✐NN✐♠❛
❚❡♥❡❜O✐♦ K♣✳ ∗ ❚❡♥❡❜O✐♦ K♣✳ ❚❡♥❡❜O✐♦ ♠♦❧✐M♦O
◆♦♠❛❞❛ K♣✳ ∗ ◆♦♠❛❞❛ K♣✳ ❆♣✐N ♠❡❧❧✐❢❡O❛
❙❝♦❧✐❛ K♣✳ ∗ ❙❝♦❧✐❛ K♣✳ ❙❝♦❧✐❛ ✈❡OM✐❝❛❧✐N
❚❡♥H❤M❡❞✐♥✐❞❛❡ K♣✳ ∗ ❚❡♥H❤M❡❞✐♥✐❞❛❡ K♣✳ ❉♦❧❡O✉N K♣✳
^✐❡O✐N ♥❛♣✐ ∗ ^✐❡O✐N ♥❛♣✐ ❆♥M❤♦❝❤❛O✐N N❛O❛
❈M❡♥♦❝❡♣❤❛❧✐❞❡N ❢❡❧✐N ∗ ❈M❡♥♦❝❡♣❤❛❧✐❞❡N ❢❡❧✐N ❈M❡♥♦❝❡♣❤❛❧✐❞❡N ❝❛♥✐N
❖①②❡M❤✐O❛ O♦NN✐ ∗ ❖①②❡M❤✐O❛ O♦NN✐ ❖①②❡M❤✐O❛ ❞✉❛❧✐N
❚O✐❛❡♥♦❞❡N K♣✳ ∗ ❚O✐❛❡♥♦❞❡N K♣✳ ❈M❡♥♦❝❡♣❤❛❧✐❞❡N ❝❛♥✐N
▼✐❧♥❡N✐✉♠ K♣✳ ∗ ▼✐❧♥❡N✐✉♠ K♣✳ ▼✐❧♥❡N✐✉♠ M❛O❞✐❣O❛❞✉♠
























































































































































































❋✐❣✉M❡ ❆✳✶✶✳✿ ❈♦♥@❡♥@✉@ ♥❡>✇♦A❦ ✐♥❢❡AA❡❞ ❢A♦♠ ❜♦>❤ @>❛>✐♦♥❛A② >♦♣♦❧♦❣✐❡@ ✭❉◆❆ ❛♥❞ ❘◆❆✴❉◆❆ >A❡❡✮✳ ❚❤❡ ❝♦♥✲
@❡♥@✉@ ♥❡>✇♦A❦ ✇❛@ ❝❛❧❝✉❧❛>❡❞ ✇✐>❤ ❙♣❧✐>@❚A❡❡ ✹✳✶✵ ✭❍✉@♦♥ ❛♥❞ ❇A②❛♥>✱ ✷✵✵✻✮ ✭❝♦♥✢✐❝> >❤A❡@❤♦❧❞✿ ✵✳✵✶✮✳
❇❧❛❝❦ ❧✐♥❡@ ✐♥❞✐❝❛>❡ ❝♦♥>A❛❞✐❝>♦A② A❡❧❛>✐♦♥@❤✐♣@ >❤❛> ❛A❡ ♦♥❧② ♣A❡@❡♥> ✐♥ >❤❡ ❉◆❆ >A❡❡✳ ❚❛①❛ ♣A✐♥>❡❞ ✐♥
❜❧❛❝❦ ✐♥❞✐❝❛>❡ ❛ ❞✐✛❡A❡♥> ♣❧❛❝❡♠❡♥> ❝♦♠♣❛A❡❞ ✇✐>❤ >❤❡ ❘◆❆✴❉◆❆ >A❡❡✳ ●A❡❡♥ ❧✐♥❡@ ✐♥❞✐❝❛>❡ ❛ @✐♠✐❧❛A
>♦♣♦❧♦❣② ✐♥ >❤❡ ❉◆❆ ❛♥❞ ❘◆❆✴❉◆❆ >A❡❡✳











































































































































































































































































































































































































































































































































































❋✐❣✉M❡ ❆✳✶✷✳✿ ❇❛②❡@✐❛♥ ♠❛❥♦A✐>② A✉❧❡ ❝♦♥@❡♥@✉@ >A❡❡@ ✐♥❢❡AA❡❞ ✇✐>❤ 9❍❆❙❊✲✷✳✵ ❜❛@❡❞ ♦♥ >❤❡ ❉◆❆ ♠♦❞❡❧ ❛♣♣A♦❛❝❤✳
❈♦❧♦A ❝♦❞❡ ✐@ @♣❡❝✐✜❡❞ ✐♥ ❋✐❣✳ ✸✳✸✳ ❛ ❉◆❆ ♠♦❞❡❧ ♥♦♥✲@>❛>✐♦♥❛A② ✭>✐♠❡✲❤❡>❡A♦❣❡♥❡♦✉@✮ ❛♣♣A♦❛❝❤❀
♠A❝ >A❡❡ ❞❡❞✉❝❡❞ ❢A♦♠ ✶✺✱✵✵✵ @❛♠♣❧❡❞ >A❡❡@ ✇✐>❤ ♣♦@>❡A✐♦A ♣A♦❜❛❜✐❧✐>② @✉♣♣♦A> ✈❛❧✉❡@✳ ❜ ❉◆❆ ♠♦❞❡❧
@>❛>✐♦♥❛A② ✭>✐♠❡✲❤♦♠♦❣❡♥❡♦✉@✮ ❛♣♣A♦❛❝❤❀ ♥A❝ >A❡❡ ❞❡❞✉❝❡❞ ❢A♦♠ ✺✱✵✵✵ @❛♠♣❧❡❞ >A❡❡@ ✇✐>❤ ♣♦@>❡A✐♦A
♣A♦❜❛❜✐❧✐>② @✉♣♣♦A> ✈❛❧✉❡@✳
